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ABSTRACT
In this dissertation work we sought to answer questions about the age, composition, and
origin of planetary bodies. We implemented multiple approaches to answer these questions.
To determine the age of the Clarissa asteroid family we implemented a modified version of
SWIFT: a Solar System integration software package by Levison & Duncan (1994) to account
for gravitational as well as thermal perturbations. This work constrained the age of the Clarissa
asteroid family to be 56 ± 6 My. Next, we used a sum to one constraint weighted least squares
(STO WLS) modeling approach to model thermal infrared (TIR) spectra of a suite of primitive
asteroid analogs spectrally and volumetrically dominated by fine particulates (< 38 𝜇𝑚). We
determined that an alternative approach to the STO WLS model is needed to analyze asteroid
regolith when it is dominated by fine particles (< 90 𝜇𝑚). Our next approach included the
Trojan asteroids (911) Agamemnon, (1172) Aneas, and (624) Hektor, and primitive asteroid
(944) Hidalgo whose emissivity spectra share a prominent 10 𝜇𝑚 plateau that is also present in
cometary comae spectra. We used Multiple Sphere T-Matrix (MSTM) and Hapke reflectance
models to model the asteroid spectral features using a mixture of olivine components (Mg-rich
and Fe-rich olivine), fine particles (~0.5-1.0 𝜇𝑚), and lunar-like porosities (~74-87%). Finally,
we used a light scattering Mie and Monte Carlo radiative transfer approach to model ambient
(measured under Earth-like conditions) lunar regolith spectra. This study indicates that
additional work needs to be done to develop an integrated thermal and light-scattering model that
can replicate the effects of the thermal gradient present under lunar environment conditions
because a light-scattering model alone is not able to reproduce the observed changes in the
spectra that we see with space weathering.
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CHAPTER ONE: INTRODUCTION
Outstanding questions in planetary science include questions like how our Solar System
formed and evolved, and why the planetary architecture is how it is today. By studying asteroids
and the Moon these broader questions in planetary science could be addressed. It is like putting
the pieces of a jigsaw puzzle together where the broader science questions are the puzzle, and the
pieces of the puzzle are questions we want to answer about the age, composition, and origin of
asteroids and the Moon. In other words, we may not be able to fully address these broader
outstanding questions or “solve the puzzle” with one study, but with the information that we gain
through one study of planetary bodies might add a couple more pieces to the puzzle. For
example, in this dissertation we constrain the age of a main belt asteroid family, and we also
learn about the regolith properties and compositions of asteroids. Constraining the age of a main
belt asteroid family represents another piece of the puzzle since then we can know approximately
when the family forming event occurred. So, imagine if we had even more puzzles pieces or
extensive knowledge of the rotational, structural, and compositional properties of asteroids over
a range of sizes and thermal histories then this information could be used as constraints (e.g.,
many puzzle pieces) to models of giant planet migration (i.e., solving a large part of the puzzle).
For example, in this dissertation asteroid composition is a piece of the puzzle that can tell us
more about which parent bodies the asteroids came from because asteroid families have similar
compositions and locations to the parent body. This information can be used as a constraint for
models of giant planet migration because the parent body of the current asteroid family had to be
inserted into its current location before a family formation event occurred. In this manner we
can trace the origin and evolution of planetary bodies back in time to their formation in the Solar
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System. Likewise, by studying the composition of the lunar regolith we seek to better
understand how the Moon evolved over time. We can achieve this by obtaining more
compositional information (i.e., puzzle pieces) about the lunar regolith. In this dissertation one
of the puzzle pieces is determining the composition of the lunar regolith. Ideally, if we had
extensive knowledge about the Moon’s global composition (i.e., puzzle pieces) this information
could add many more pieces towards solving the puzzle of the Moon’s evolution. They could be
used as constraints in the lunar magma ocean model which seeks to understand the evolution of
the Moon.
In this dissertation work we implemented multiple approaches to determine the age,
composition, and origin of planetary bodies. The ages of asteroid families in the main asteroid
belt are important to determine because they place constraints on models that attempt to explain
our Solar System’s formation and evolution. On the other hand, studies of surface regolith of
asteroids and the Moon aid in better understanding the formation and evolution of planetary
bodies. Determining the composition of asteroid regolith informs where they may have
originated in the solar nebula. This is because asteroids accreted directly from the solar nebula
and their regolith is a result of collisions over billions of years. For example, by constraining the
composition of asteroid regolith we can determine what parent body the asteroid came from
since families have similar compositions. Then, based on knowing the origin of compositionally
similar planetary bodies we can determine that the parent body may have originated in a similar
environment as the compositionally similar body.
Furthermore, regolith studies of the Moon aid in understanding the Moon’s evolution.
The regolith on the Moon is made up of rock and mineral fragments resulting from billions of
years of meteorite impacts on the underlying bedrock. So, if we learn more about the regolith
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then we learn more about the underlying bedrock which is part of the Moon’s crust. In this way,
the study of lunar regolith composition informs us of the Moon’s crustal evolution.
Since planetary bodies like asteroids and the Moon are of great scientific interest there
have been several spacecraft missions dedicated entirely to retrieving samples and collecting data
on these bodies. The proximity of the Moon to Earth enables sample retrieval of the lunar
regolith like those from the Apollo missions. The Apollo missions were six missions from 19691972 that returned regolith and rock samples from the Moon’s nearside. These samples provided
ground truth to remote sensing missions such as NASA’s Clementine, Galileo, and Lunar
Prospector, Japan Aerospace Exploration Agency’s (JAXA) SELENE Kaguya, European Space
Agency’s (ESA) Small Missions for Advanced Research in Technology (SMART-1), Indian
Space Research Organizations (ISRO) Chandrayaan-1 by allowing for the comparison of
retrieved samples to spacecraft data. More recent missions to the Moon include NASA’s Lunar
Reconnaissance Orbiter (LRO) and NASA’s Lunar Crater Observation and Sensing Satellite
(LCROSS). The Lunar Reconnaissance Orbiter is currently orbiting the Moon to collect
compositional data and mapping surface topology.
NASA’s Origins, Spectral Interpretation, Resource Identification, and Security-Regolith
Explorer (OSIRIS-REx) spacecraft recently obtained a sample of the Near-Earth asteroid
(101955) Bennu and will return to Earth in September 2023. International missions such as the
Indian Chandrayaan-1 and Japanese Kaguya spacecrafts have provided high quality spectral data
of the Moon. In addition, the Japanese Hayabusa and Hayabusa2 missions retrieved samples of
asteroids Itokawa and Ryugu. Their planned Martian Moons eXploration (MMX) mission will
provide a sample of Phobos which is Mars’ largest moon. Sample retrieval missions like these
allow for the comparison of laboratory study (“ground-truthing”) with remote sensing
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techniques. This comparison aids in improving spectroscopic tools and data reduction
techniques that can be extrapolated to planetary bodies for which we do not have samples like
those of the Jupiter Trojan asteroids (e.g., Ramsey & Christiansen 1998, Feely & Christiansen
1999, Hamilton & Christiansen 2000, Wyatt et al. 2001, Rogers et al. 2007).
This dissertation work focuses on answering science questions related to the age,
composition, and origin of asteroids and the Moon. The remainder of this chapter provides the
reader with background information needed to understand the approaches used to answer the
science questions. We further introduce airless planetary bodies and their evolutionary
processes, thermal infrared spectroscopy, spectral modeling, and an overview of the remaining
chapters in the dissertation.

Airless Planetary Bodies
Asteroids
Asteroids are airless (lack an atmosphere) planetary bodies in the inner Solar System.
They are a result of impacts of planetesimals in the early Solar System when conditions were
more chaotic (e.g., Hartmann 1971). Some asteroids are rubble piles while others are more solid
objects (e.g., Jeffreys 1947, Öpik 1950, Chapman 1978, Davis et al. 1989). They can experience
varying levels of aqueous alteration as well as thermal metamorphism (e.g., Dufresne & Anders
1962, Thibault et al. 1995). Furthermore, some asteroids have experienced such extreme thermal
alteration that they have melted (e.g., Herbert & Sonnett 1979, Grimm & McSween 1993).
There are two kinds of asteroids – differentiated and undifferentiated. Differentiation resulted
from the asteroid being melted by short-lived radionuclides (most prominently Al-26) present in
the first few My of Solar System history (e.g., Keil 2000). Iron-nickel metal sunk toward the
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center and the lighter silicates become the mantle and crust during differentiation (Figure 1).
Asteroids that have not experienced melting are referred to as undifferentiated. They are also
classified into taxonomic types by Tholen (1989) such as M-type (iron rich), S-type (silicate
rich), or C-type (carbon rich) where they can range from very dense (M-types ~5.32 g cm−3 ) to
moderately dense (S-types ~2.71 g cm−3 ) to low density (C-types ~1.38 g cm−3 ) (Krasinsky et
al. 2002).

Figure 1 Asteroid differentiation caused by short-lived radionuclide decay in the early Solar
System. Image credited to Linda T. Elkins-Tanton. Used with permission from Linda T. ElkinsTanton.

5

Asteroids are part of families created by catastrophic disruption of a parent body (Milani
& Knežević 1994, Knežević et al. 2002). However, many asteroids located in the main belt
(between the orbits of Jupiter and Mars) experience non-catastrophic disruption such as cratering
and fragmentation sporadically from other asteroids when their paths cross (Bottke et al. 2006).
The non-catastrophic impacts tend to break up the surface into loose, unconsolidated, rocky
material, which is gravitationally retained as regolith. Since asteroid families come from the
same parent body, they share spectral similarities (e.g., Cellino et al. 2002) as well as similar
orbital elements known as the proper elements: semimajor axis 𝑎𝑝 , eccentricity 𝑒𝑝 , and
inclination 𝑖𝑝 (Milani & Knežević 1994). These proper orbital elements define the location of
the asteroids in their orbit (Milani & Knežević 1994). The semimajor axis defines the distance
of the asteroid from the Sun in astronomical units (AU) while the eccentricity gives the degree of
ellipticity or deviation from a circular orbit. The inclination i defines the angle of the asteroid
orbital plane in reference to the ecliptic or Sun-Earth plane.
The asteroids that result from a catastrophic collision of a parent body can drift towards
or away from the Sun due to thermal perturbations (see section Yarkovsky and YORP Effects)
(Öpik 1951, Neiman et al. 1965, Beekman 2005). Thermal perturbations that cause a change in
the orbital elements may cause them to drift into resonances or “escape hatches” that send their
path closer to or further from the Sun. If they’re perturbed towards the Sun, they may cross the
orbit of Mars to become Near-Earth Asteroids or NEAs (e.g., Wisdom 1983, Farinella et al.
1993). Their orbit may get perturbed enough to be ejected from the Solar System entirely (e.g.,
Farinella 1994, Gladman et al. 1997). Therefore, the zone where resonances are located is
generally depleted in asteroids. Examples of these depletion zones are the Kirkwood Gaps that
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result from the powerful mean motion resonance of asteroids in the main belt with Jupiter
(Figure 2).

Figure 2 The Kirkwood Gaps are gaps in the main asteroid belt that result from the powerful
mean motion resonances between main belt asteroids and Jupiter. This image is in the public
domain in the United States because it was solely created by NASA. NASA copyright policy
states that "NASA material is not protected by copyright unless noted"
(See https://www.jpl.nasa.gov/jpl-image-use-policy)

Further out past the main belt, and orbiting Jupiter, is the Trojan asteroid population.
These are some of the most pristine objects in the Solar System because they are asteroids that
have been trapped in stable orbits or Lagrange points over 4.5 Gyr (e.g., Giorgilli & Skokos
1997, Levison et al. 1997). Many hypotheses exist regarding the origin of the Trojan asteroids.
Some theories suggest that the Trojans originated in the region surrounding Jupiter (e.g., Marzari
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et al. 1998, Emery 2002) and other theories propose alternative locations including the Kuiper
Belt or Oort cloud (e.g., Shoemaker et al. 1989, Jarvis et al. 2000, Morbidelli et al. 2005). The
most widely accepted theory of their origin is that they are planetesimals trapped during the
formation of Jupiter (Marzari et al. 2002). However, Morbidelli (2005) performed dynamical
simulations to show that the Trojan asteroids were captured from the excited disk during giant
planet migration to explain their wide range of inclinations (up to 40°).
Little is known about the Trojan asteroids because they are difficult to observe due to
their far distance and low albedos (Rivkin et al. 2009). The Trojan asteroids presented in this
dissertation are all D-type asteroids by the Tholen taxonomy based on broadband spectra (0.311.06 𝜇𝑚) and albedo measurements (Emery et al. 2006, Tholen 1989). Connections to other
outer Solar System bodies such as Kuiper belt objects, Jupiter family comets, irregular satellites,
and centaurs have been previously suggested although they are not well understood (Shoemaker
et al. 1989, Jewitt & Luu 1990, Hartmann & Tholen 1990, Marzari et al. 1995). While (944)
Hidalgo is not a Jupiter Trojan asteroid, it is relevant when we discuss the Trojan asteroids since
it is spectrally similar to the Trojans and is thought to be the remnant of an extinct comet
(Campins et al. 2005; 2006, Hargrove et al. 2008). It is theorized to have originated in the
Kuiper Belt or the Oort cloud (Campins 2006). (944) Hidalgo is on a cometary-like orbit
between the main asteroid belt and the orbits of the outer Solar System. We can spectrally
characterize the regolith of Trojan asteroids and (944) Hidalgo to better understand the
composition and possible origin of these bodies.
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Meteorites
When meteoroids survive entry into the atmosphere they are referred to as meteorites
with sizes ranging from a micrometeorite, which is submillimeter, up to several feet (e.g.,
Weisberg et al. 2006). Meteorites may impact any planetary body in the Solar System. They are
pieces of shattered asteroids and are classified into two main classes as chondrites
(undifferentiated meteorites) and achondrites (differentiated meteorites) (e.g., Brearley & Jones
1998, Mittlefehldt et al. 1998, 2004, Krot et al. 2004). Many, but not all, the chondrites contain
chondrules which are silicate inclusions composed mainly of olivine and pyroxene and some
other materials (e.g., Weisberg et al. 1993). The defining trait of a chondrite is it’s chondrules.
The chondrules formed from rapid cooling of the solar nebula so the chondrite meteorites are
considered primitive meteorites whose material has been unaltered since the formation of the
Solar System. The achondrite meteorites are fragments of shattered differentiated asteroids.
Since differentiated asteroids have melted, they no longer have intact chondrules because the
materials present in the asteroid have separated into layers (see Figure 3). Therefore, the
achondrite meteorites lack chondrules because they are derived from differentiated asteroids
(Mittlefehldt et al. 1998).
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Figure 3 Chondrules (spheroidal mineral grains) in a primitive ordinary chondrite meteorite
that have an average size of 0.4 mm. Image used under CC BY 2.0 license.

There have been meteorites found on Earth from the Moon and Mars (e.g., Marvin 1983,
Smith et al. 1984). The study of meteorites is important because they are pieces of asteroids and
the Moon. By retrieving asteroid and lunar meteorites on Earth allows for the study of the Moon
and asteroids remotely.
The Moon
It is widely accepted that the Moon formed from the impact of a Mars-sized planet into
Earth (e.g., Hartmann & Davis 1975, Boss & Peale 1986, Cameron & Ward 1976, Hartmann et
al. 1986, Kipp & Melosh 1986). It is hypothesized that during the time of the Moon’s formation
~4.51-4.44 Gy (Tera & Wasserburg 1974, Carlson & Lugmair 1988) a molten magma ocean was
present from rapid accretion and the presence of thermal energy resulting from a large impact
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and gravitational potential energy (e.g., Smith et al. 1970, Wood et al. 1970, Dowty 1974,
Warren 1985). As the magma ocean cooled, it is theorized that there was crystallization where
denser minerals like olivine crystallized first (e.g., Lin et al. 2017, Snyder et al. 1992, Warren
1985). Next, pyroxene crystallized, and finally buoyant, iron-poor plagioclase feldspar
crystallized then floated to the surface. The differentiation and crystallization of minerals is
what led to the formation of the theorized olivine-rich mantle and the anorthositic crust (e.g., Lin
et al. 2017, Snyder et al. 1992, Warren 1985). Anorthosite is ≥ 90% anorthite with olivine and
pyroxene. The final layer of the magma ocean to solidify was the KREEP (acronym for
potassium, rare earth elements, and phosphorus) layer right beneath the crust consisting of
incompatible elements and radiogenic isotopes (e.g., Warren 1985). It is hypothesized that due
to denser iron-rich and oxide cumulates accumulating above Mg-rich minerals may have caused
a gravitational instability that overturned the mantle causing denser cumulates to sink down into
the previous cumulates (e.g., Snyder et al.1992, Elkins-Tanton 2002, Hess & Parmentier 1995).
Following lunar magma ocean solidification, a dichotomy developed which led to two
main types of surface lithologies that differ in their rockiness and albedo - the highlands and
maria (e.g., Dowty 1974, Warren 1985). Most highland rocks in the Apollo collection are
breccias formed from the breaking up of the lunar crust by impacts (e.g., Lindstrom & Lindstrom
1986). The highlands are more ancient (~4.3-4.55 Ga) than the mare since they are formed from
the original igneous crust that solidified during the lunar magma ocean solidification (e.g.,
Hartmann et al. 1981, Neukum & Ivanov 1994). In contrast, the maria are younger areas
(Hiesinger et al. (2010) found that basalts vary between ~3.16-3.75 Ga on the southwest nearside
and 3.60-3.79 Ga on the northeast nearside) that have lower albedos due to their iron-rich
basaltic content from volcanic extrusions (e.g., Head 1976, Nyquist & Shih 1992, Ryder &
11

Spudis 1980, Taylor et al. 1983, Dasch et al. 1987, Nyquist et al. 2001, Davis et al. 1971,
Papanastassiou et al. 1970, Turner 1970, Albee 1970). Heat from large impacts caused melting
and extrusion of lava flows that formed the maria (e.g., Head & Wilson 1992). See Figure 4 for
an image of the lunar highlands and maria.

Figure 4 The lunar highlands (lighter areas) and maria (darker areas). "Two Earth Satellites
Viewed From Houston" by NASA Earth Observatory is licensed under CC BY-SA-NC

The lunar surface experienced impact brecciation (i.e., breaking up of rocks) and
formation of impact basins from the hypothesized intense bombardment of planetary debris left
over from the formation of the Solar System. This period of time in our Solar System’s history
is known as the Late Heavy Bombardment (Wetherill 1975). Since the Moon does not have an
atmosphere, impact cratering from meteoroids and micrometeoroids is an important external
process continually occurring on the surface of the Moon (e.g., Spall 1986, Melosh 1989). These
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impacts produced a megaregolith layer which is a result of shattered and fragmented pieces of
crust (e.g., Hörz et al. 1991, Oberbeck et al. 1973, Richardson & Abramov 2020, Thompson
1979, Wiggins et al. 2021). The megaregolith layer is composed of three main layers. The
surficial layer (~5-20 m) is a result of small impacts that have produced fine particles and
breccias (e.g., Richardson & Abramov 2020). The next deepest layer is the upper megaregolith
(1-3 km) consisting of brecciated and or melted materials resulting from collapsed craters and
impact ejecta ballistic sedimentation (e.g., Richardson & Abramov 2020). The deepest layer is
the lower megaregolith (~20-25 km) where fractured bedrock is present (e.g., Richardson &
Abramov 2020).
Over time large impacts that formed impact basins became less important and smaller
impactors became more important in shaping the crust (e.g., Hörz et al. 1991, Oberbeck et al.
1973, Richardson & Abramov 2020, Thompson 1979, Wiggins et al. 2021). These smaller
impactors further ground down the surficial megaregolith layer to produce the regolith, which is
a layer of loose, unconsolidated, rocky material that we observe today (e.g., Hörz et al. 1991,
Oberbeck et al. 1973, Richardson & Abramov 2020, Thompson 1979, Wiggins et al. 2021). The
regolith is continuously “gardened” or turned over by impactors (e.g., Hörz et al. 1991, Oberbeck
et al. 1973, Richardson & Abramov 2020, Thompson 1979, Wiggins et al. 2021).

Evolutionary Processes of Airless Planetary Bodies
Yarkovsky and YORP Effects
For many decades it has been hypothesized that collisions and gravity had been solely
responsible for the motion of small bodies such as asteroids. However, we now know that there
is an additional force, albeit small, that is responsible for affecting the secular orbits of small
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bodies previously proposed by Ivan Yarkovsky (Yarkovsky 1901). As asteroids orbit around the
Sun, they also rotate about their own spin axis, so they are continually heated by solar radiation.
As they are rotating about their own spin axis the heat is reradiated into space and the photons
carry away momentum, which produces a recoil force or thrust on the small body in the direction
away from the hotter part of the asteroid surface (Figure 5) (e.g., Rubincam 1995, 1998, Farinella
et al. 1998, Vokrouhlicky 1998a, 1999).

Figure 5 A summary of the Yarkovsky Effect on an asteroid rotating prograde (A) and (B)
retrograde. The prograde rotator will gain energy causing it to drift away from the Sun while
the retrograde rotator will lose energy and drift inwards toward the Sun. This image is credited
to © Sky & Telescope 2022. Used with permission.
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There are factors that influence the rate and direction of the Yarkovksy drift. All small
bodies have thermal inertia which causes a delay in the temperature distribution from the
subsolar point causing the hottest part of the small body to be on the afternoon side rather than
the subsolar point (e.g., Rubincam 1995, 1998). This results in a component of the force being
radially outward from the Sun and along-track of the body. A factor that influences whether an
asteroid drifts away or toward the Sun is the direction of spin in relation to the sense of the orbit
(e.g., Bottke et al. 2006) (Figure 5). Prograde rotation is where a body rotates on its spin axis in
the same direction or sense as the direction of orbit (e.g., Rubincam 1995, 1998, Farinella et al.
1998, Vokrouhlicky 1998a, 1999). If the body spins in the opposite direction as its motion of
orbit, then it is a retrograde rotator. Whether the body is rotating prograde or retrograde affects
the direction of the drift away from or towards the Sun and thus an increase or decrease in its
semimajor axis.
The magnitude of the recoil force produced on a body depends on its structure and speed
of rotation. A smaller body has a larger area-to-mass ratio, so the Yarkovsky effect is greater
than in a larger object that has a smaller area-to-mass ratio, but a body may be too small (e.g., a
dust particle) to where the thermal wave penetrates and travels through the body so that there’s
negligible temperature differences between night and day sides (e.g., Binzel et al. 1986, Harris
1996). The force of the Yarkovsky effect is the most significant for asteroids with diameters 0.1
m to ~40 km (Vokrouhlicky & Bottke 2012). The rate of Yarkovsky drift also depends on the
obliquity of the spin axis which is the degree to which an asteroid’s spin axis is tilted in relation
to the ecliptic or Earth-Sun plane. For example, the Yarkovsky effect is at maximum when the
spin axis is normal to the ecliptic but tends to zero as the spin axis is tilted towards to 0 or 180
degrees (Rubincam 2000). The drift of asteroids away from the parent body or largest member
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of the family results in a “V” shape distribution due to the larger asteroids in the family drifting
more slowly that the smaller fragments (see Figure 6) (e.g., Vokrouhlicky et al. 2006).

Figure 6 The primitive main belt Clarissa asteroid family showing the “V”-shaped distribution
of family members as a result of the Yarkovsky effect

The rotational counterpart of the Yarkovsky effect is the Yarkovsky–O'Keefe–
Radzievskii–Paddack (YORP) effect (Paddack 1969, Paddack & Rhee 1975, Rubincam 2000).
YORP causes a torque on the asteroid due to the irregular shape of the asteroid that results from
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re-radiation of solar insolation (e.g., Nesvorny & Vokrouhlicky 2007, 2008a, Scheeres &
Mirrahimi 2008, Breiter & Michalska 2008, Kaasalainen and Nortunen 2013). YORP changes
an asteroids spin rate and obliquity (Rubincam 2000). The change in obliquity is called a YORP
cycle where YORP may spin up an asteroid until the obliquity becomes large then it may slow
down again and even tumble until principal axis rotation is resumed (e.g., Rubincam 1995, 1998,
Farinella et al. 1998, Vokrouhlicky 1998a, 1999). This cycle may be reset by an impact that
could reset the spin axis into a different state (e.g., Cotto-Figueroa et al. 2015, Bottke et al. 2015,
Statler 2009).
Space Weathering
A lack of atmosphere causes the surfaces of airless bodies to continually be exposed to
the harsh environment of space (Morris 1978). The exposure leads to a maturity of the regolith
called space weathering which involves the altering of the surface of these bodies both physically
and chemically over time (Morris 1978). The topic of space weathering is important because it
affects the spectral properties of airless bodies that we observe by remote sensing (e.g., the Moon
and asteroids) (e.g., Keller & McKay 1997).
The Moon and near-Earth asteroid Itokawa are benchmarks for studying space
weathering because previously retrieved samples from their surfaces can be directly compared
with remote sensing data (e.g., Noguchi et al. 2011, Nakamura et al. 2011, Berger & Keller 2015,
Taylor et al. 2001, 2010, Keller & McKay 1993, 1997). On the Moon, the space weathering
mechanisms include micrometeorite impacts, solar wind and galactic ion radiation that bombard
the surface uninhibited (Morris 1978). The Moon (~1 au) versus a body in the main belt (~2-3
au) will receive more surface alteration due to closer proximity to the Sun (e.g., Pieters & Noble
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2016). Asteroids also experience the same mechanisms of space weathering as the Moon in
addition to diurnal thermal cycling (e.g., Delbo 2014). Diurnal cycling is where the asteroid
experiences thermal stresses and fatigue due to temperature fluctuations on the night and day
side (e.g., Rubincam 1998). See Figure 7 for a summary of the processes on the Moon and
asteroids. Micrometeorite impacts and solar wind ion sputtering cause accumulation of
nanophase iron (<50 𝜇𝑚) on regolith particles by the reduction of Fe2+ in the silicates and oxide
minerals present in the lunar soil and coating of regolith particles via vapor deposition (Hapke et
al. 1975, Pieters et al. 2000, Hapke 2001, Lucey & Noble 2008). Furthermore, particle tracks
and sputtering result from solar wind ions and galactic cosmic rays striking the surface (e.g.,
McKay et al. 1991). The density of the particle tracks may be used to infer the exposure age of
the lunar or asteroid regolith (e.g., Berger & Keller 2015a, 2015b, Keller 2015). The impact
from meteorites causes larger particles to break up into smaller ones (comminution) and particles
to mix from different depths (impact gardening). Micrometeorite impacts produce agglutinates
where the impact energy goes into welding the minerals together fragments and glass (e.g.,
Taylor et al. 1996).
It was originally observed by Gold (1955) that lunar crater rays disappeared over time.
The reason why they disappeared over time was due to the regolith being exposed to the harsh
environment of space. This causes physical, chemical, and optical changes in the lunar regolith
and regolith that has experienced more of these changes is referred to as more mature (Morris
1978. For example, Apollo soils spectrally characterized on Earth showed differing spectral
properties from corresponding lunar rocks that were first pulverized then spectrally characterized
(e.g., Adams & McCord 1970, Fischer & Peters 1994). The soils were found to have lower
albedo and changes to their spectra were observed such as a red slope, reduced reflectance, and
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dampening of mineral spectral features over the visible and near-infrared wavelengths (e.g.,
Fischer & Peters 1994, Rout 2008). Space weathering also causes changes in TIR emissivity
features. It causes a shift of the CF to longer wavelengths and a decrease in spectral contrast
between the Christiansen feature and reststrahlen band (e.g., Lucey et al. 2006, 2017, Donaldson
Hanna et al. 2017).

Figure 7 Summary of the Space Weathering Processes on Airless Bodies for the Moon (left) and
asteroids (right). This figure is used with permission from “Space weathering on airless bodies”
by Pieters and Noble (2016) in the Journal of Geophysical Research: Planets 121, 1865– 1884.
Please see https://www.agu.org/Publish-with-AGU/Publish/AuthorResources/Policies/Permission-policy#repository for permissions policy.

Thermal Infrared Spectroscopy
Remotely sensed thermal infrared (TIR) observations are important to physically
characterize the surface composition, physical properties, and geologic history of airless bodies.
Space based telescopes such as the Spitzer Space Telescope are used to observe the flux densities
of asteroids at distances past the main belt over thermal infrared wavelengths (5 − 25 𝜇𝑚 in
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wavelength). A space-based telescope is beneficial because distant asteroids continua peak at
longer wavelengths (lower temperatures) than asteroids in the main belt, so they are fainter and
thus harder to observe (Harris & Lagerros 2002). For the Moon, the Diviner Lunar Radiometer
Experiment which is part of the Lunar Reconnaissance Orbiter mission is collecting visible and
thermal radiance data on the Moon (Paige et al. 2010). It has three bands at 7.8, 8.2, and 8.6 𝜇𝑚
over the Christiansen feature to study mineralogy.
Emission spectra obtained through the process of remote sensing in the TIR are useful to
determine silicate mineralogies since many silicate features are in this region (e.g., Lyon 1964,
Conel 1969, Salisbury & Walter 1989, Moersch & Christiansen 1995, Wald & Salisbury 1995,
Mustard & Hayes 1997, Hamilton 2000). Using the information provided by the emissivity
spectral features we can infer the mineralogy, particle size, and packing from the emissivity
spectra in the wavelength region 5-25 µm (e.g., Salisbury et al. 1992, Hapke 1996, Cooper et al.
2002). The identification and location of the Christiansen Feature (an emissivity maximum near
8 µm in silicate materials), the reststrahlen bands (stretching and bending modes), and
transparency features (emissivity minimum between reststrahlen bands) have been previously
used to identify silicates on Earth, the Moon, asteroids, Mercury, comets, and Mars (e.g.
Salisbury et al. 1992, Hapke 1996, Cooper et al. 2002, Christiansen et al. 2001, 2005). The
spectral region from 9-12 µm and 14-25 µm correspond to the Si-O stretch and bend
fundamental molecular vibrations or reststrahlen bands (e.g., Salisbury et al. 1992, Hapke 1996,
Cooper et al. 2002). The transparency features do not appear in all TIR spectra but are only
present in fine particle spectra (≤ 25 𝜇𝑚 diameter particle size). An increase is observed in
spectral contrast of the transparency features as particle size decreases (e.g., Salisbury & Walter
1989, Cooper et al. 2002).
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TIR spectroscopy is used to identify silicate minerals on asteroids (e.g., Ramsey &
Christiansen 1998, Salisbury 1991, Hamilton et al. 1997, Feely & Christiansen 1999, Hamilton
& Christiansen 2000, Wyatt et al. 2001, Milam et al. 2007, Pieters & McFadden 1994). For
example, the OSIRIS-REx mission team used the OSIRIS-REx Thermal Emission Spectrometer
(OTES) instrument to characterize the regolith of asteroid 101955 Bennu. They found that
Bennu’s thermal emission spectra is consistent with CM chondrites and shows a spectral feature
around 23 𝜇𝑚 indicating the presence of phyllosilicates (Lauretta et al. 2019). Also identified by
OTES, anhydrous silicates compose ~10% of the bulk mineralogy of Bennu (Hamilton et al.
2020). The OSIRIS-REx team was also able to determine through TIR spectral characterization
of the surface of Bennu that there is a dust layer ~10-15 𝜇𝑚 thick (Hamilton et al. 2020)
The particle size of airless body surface regolith has an impact on which spectral model is
used to determine composition. Some spectral models can model nonlinear behavior (e.g.,
volume scattering) from fine particles (e.g., < 25 𝜇𝑚), whereas some are only effective in
modeling linear behavior (e.g., surface scattering) from coarse particles. When the particle size
is significantly larger than the wavelength of light, then deriving composition from TIR emission
spectra is straightforward since the emissivity spectra of individual materials add linearly
(Ramsey and Christensen 1998; Thomson and Salisbury 1993). This allows for reverse
modeling where abundances are obtained from a measured emissivity spectrum through linear
modeling such as weighted least squares algorithm (e.g., Ramsey & Christiansen 1998).
However, nonlinear behavior arises when the wavelength of light approaches the size of the
particle due to volumetric scattering of light and this is generally the case since typical planetary
regolith particle sizes are in this regime (e.g., Mustard and Hays 1997). This nonlinear behavior
is not straightforward to model. Away to model nonlinear behavior is using forward modeling,
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where the mineral abundances are set before the model is run, which is a more challenging task
than reverse modeling to determine final abundances (volume % of each mineral). Many more
iterations of the model must be performed to find the best model fit as opposed to reverse
modeling. The models used for modeling nonlinear behavior include light scattering models like
Mie theory and Multi-sphere T-Matrix method, and radiative transfer models like those by
Conel, Hapke, and the Regolith Boundary layer (ReBL) by Prem et al. (2022) (e.g., Conel 1969,
Wald 1994, Moersch & Christiansen 1995, Wald & Salisbury 1995, Mustard & Hays 1997,
Pitman et al. 2005, Cheng et al. 2010). The scattering parameters output by the light scattering
models are input into the models of radiative transfer. The outputs of the radiative transfer
models are either reflectance or emissivity spectra. These types of models used to model
asteroid and lunar regolith are discussed in further detail in the next section.

Modeling of TIR Spectra
Near-Earth Asteroid Thermal Model
To interpret TIR observations of asteroids a thermal model is necessary (e.g., Harris
1998). The model is used to fit the thermal continuum or flux density spectrum obtained via
telescope. In this work we used the Near-Earth Asteroid Thermal Model (NEATM) based on
Harris (1998) to fit the asteroid flux density spectra. NEATM is an improvement on the
previously implemented Standard Thermal Model (STM) where the difference in the models is
in the treatment of the asteroid beaming parameter 𝜂 (Harris & Lagerros 2002). In the STM the
beaming parameter, which is a proxy for the non-sphericity of the asteroid, is set to the same
value regardless of the asteroid being modeled, whereas NEATM iterates the beaming parameter
to find the best fit modeled continuum to the asteroid flux density spectrum (Harris & Lagerros
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2002). Additional parameters used in NEATM are the asteroid Hv is absolute magnitude, pv is
visual albedo, η is the asteroid beaming parameter, G is the slope parameter, r is the asteroid-Sun
distance, ∆ is the asteroid-observer distance, and α is the phase angle. All these parameters are
used to obtain a modeled flux density spectrum by NEATM. To obtain the asteroid emissivity
spectrum, the asteroid continuum is divided by the modeled NEATM continuum. In this
dissertation we obtain emission spectra in the TIR region of the electromagnetic spectrum. As a
final step after NEATM, to determine mineralogy, we use light scattering and radiative transfer
models discussed next to produce modeled emissivity spectra which are then compared with the
measured emissivity spectra.
Computation of TIR Emissivity Spectra
In this work we used light scattering and radiative transfer models to model TIR
emissivity spectra of regolith. The model outputs from the light scattering models are input into
the radiative transfer models to compute the final, modeled emissivity spectrum.
Light Scattering Models
The two models we used for light scattering were Mie and the Multi-Sphere T-matrix
Model (MSTM). Mie scattering theory is useful for studying the scattering of light particles in
the nonlinear regime (van der Hulst 1957). Drawbacks of this theory are that the particles are
assumed to be well separated (three times the particle radius) and spherical to get an accurate
prediction (van de Hulst 1957). Mie theory has been shown to have some deficiencies in
modeling spectra (e.g., Ito et al. 2017, Prem et al. 2022). Previous studies have observed that the
model overestimates the spectral contrast of features especially the transparency feature. Despite
these drawbacks Mie scattering theory can produce computationally inexpensive results when
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modeling laboratory spectra (Ito et al. 2017; Mustard and Hays 1997). This makes it beneficial
to use if particle sizes and compositions are unknown because many iterations of the model may
be required. Other advantages of using Mie scattering include modeling large particle sizes (up
to 1000 𝜇𝑚). This advantage was the main reason that Mie scattering was used in Chapter 5 to
model lunar regolith spectra. The average particle sizes in lunar regolith are around ~60 𝜇𝑚 and
particles can range as large as 1 cm. We did not want to be limited in the size of particles that
the model is able to handle.
The other light scattering model that we used to model emissivity spectra of the Trojan
asteroids was the FORTRAN-90 Multi-Sphere T-matrix Model method (Mackowski &
Mischenko 1996, 2011; Mackowski 2013) which is a light scattering model used to optically
characterize particulate media (Ito et al. 2017, 2018). MSTM computes the electromagnetic
radiation interaction between many particles making it useful in modeling asteroid regolith (Ito
et al. 2017). This model has the advantage of modeling varying porosities of asteroid regolith
and random orientations of particles from remotely sensed data. It has the distinct advantage
over the Mie model in that the porosity may be adjusted and random orientations of particles are
allowed. In the TIR, volumetric scattering becomes a problem when the particle size is
comparable to the wavelength of light around < 25 µm, and this problem intensifies as particle
size decreases (Ramsey & Christensen 1998). However, MSTM can handle light scattering
between particles of this size and wavelength regime making it ideal for modeling fine
particulate regolith (Ito et al. 2017, 2018). We chose this MSTM to model Trojan and (944)
Hidalgo regolith because we would be modeling fine particle sizes (~0.5 𝜇𝑚). MSTM can be
run under fixed or random orientation (of light) where random orientation considers light coming
in from all angles onto the particles or fixed orientation where light hits the particles in one
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direction only. Therefore, random orientation is more physically realistic since we know that
light hits particles from all angles, so we preferred to use random orientation in our modeling.
However, due to computational resources we were not able to use random orientation with
particles larger than 5 𝜇𝑚, but with the Trojan and (944) Hidalgo regolith fine particle sizes this
was not an issue. In other words, we would have had to run MSTM in fixed orientation to model
≥ 5 𝜇𝑚 particle sizes which is not ideal.
Radiative Transfer Models
Once the scattering efficiencies have been determined using a light scattering model then
they are used as input into a radiative transfer model such as Hapke or the Regolith Boundary
Layer (ReBL) Monte Carlo approach (Prem et al. 2022, Hapke 2016). Similar to and required by
other models of radiative transfer, the scattering and absorption properties of the medium must
be known (Prem et al. 2022).
The radiative transfer model that we used to model the Trojan asteroids and (944)
Hidalgo in Chapter 4 is the Hapke bidirectional reflectance model; more specifically, the
isotropic multiple-scattering approximation, or IMSA that is widely used in the planetary science
community to model light reflected from planetary bodies. It is a reflectance and emission
model that combines a heat conduction equation coupled to the equation of radiative transfer in
the TIR region (Hapke 1996). Particles are assumed to be equivalent to planar slabs with
uniform optical properties to ignore diffraction (Hapke 1996). We used it because it has the
advantage of being a computationally expensive model that is also a good approximation to
model planetary regolith (Hapke 2012). It has the disadvantage of considering the angle of
incidence and viewing angle, but we know there is no angular component to emissivity.
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To model the lunar regolith in Chapter 5, we used Mie scattering with the Regolith
Boundary Layer model (ReBL) by Prem et al. (2022) that implements a Monte Carlo radiative
transfer approach. We chose this model due to its simplicity and flexibility and we followed the
same methods as Prem et al. (2022). The ReBL code simulates transport, scattering, and
attenuation instead of directly solving the equation of radiative transfer. The Monte Carlo code
models scattering and attenuation of many energy bundles in the upper most millimeters of
regolith where thermal emission originates (Prem et al. 2022). This is modeled as a series of
plane-parallel isothermal layers of equal thickness (Prem et al. 2022). The ReBL code has the
advantage of producing a brightness temperature spectrum from the light scattering parameters
and emissivity is computed using Planck’s function without any angles of incidence or viewing
angles of light. This can be compared to Hapke reflectance where the computation of
bidirectional reflectance considers the angle of incidence or viewing angles.

Overview of Dissertation Chapters
Chapter 2: The Clarissa Asteroid Family
A goal of this work was to constrain the age of the Clarissa family by using the Solar
System Integration package SWIFT-RMVS4 by Levison and Duncan (1996), modified to
account for gravitational as well as thermal perturbations (e.g., Yarkovsky and YORP effects), to
match the current family structure. This is a more detailed study than has been previously
implemented since we were trying to match the family orbital structure in semimajor axis and
eccentricities. The specific science question in this chapter that we were trying to answer was
what the age of this family is. It is important to constrain the age of an asteroid family to
determine when the impact event occurred that created the family. Through this study we also
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learned that the Clarissa family could is likely not a significant source of the near-Earth asteroid
(NEA) population because we only observed a few family members leaked into planet-crossing
orbits via the J4-S2-1 resonance. Furthermore, we constrained the initial ejection velocities to
smaller than ≈ 20 𝑚𝑠 −1 which is comparable to the escape velocity of the parent body (302)
Clarissa. We confirmed the results of previous YORP observations that there is an 80/20
preference for acceleration/deceleration by YORP. Also, we predicted that approximately 7090% of family members with 𝐷 ≃ 2 𝑘𝑚 initially had retrograde rotation suggesting that a
majority of family members 𝑎 < 2.406 𝑎𝑢 (i.e., lower than the semimajor axis of (302) Clarissa)
are retrograde rotators today which may be tested observationally.
Chapter 3: Linear Modeling
This chapter is based on the linear modeling of emissivity spectra of mixtures and
meteorites that representative primitive asteroid analogs. These mixtures and meteorites were
part of a blind study performed in anticipation of the OSIRIS-REx spacecraft arrival to primitive
asteroid Bennu. In this study we investigated the effectiveness of the sum to one constraint
weighted least squares (STO WLS) linear model approach to estimate mineral abundances for
primitive asteroid analog spectra that are volumetrically and spectrally dominated by fine
particles (< 90 𝜇𝑚) using an endmember library of similar particle sizes. We showed that the
STO WLS model did not accurately model published mineral abundances present in the mixtures
and meteorites. Through this study we identified the need for a better approach than the STO
WLS model to model asteroid spectra that are spectrally dominated by < 90 𝜇𝑚 regolith on their
surfaces.
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Chapter 4: The Trojan Asteroids
A goal of this work was to better characterize Trojan asteroid and primitive asteroid (944)
Hidalgo regolith by modeling the emissivity spectra using the Multi-sphere T-matrix and Hapke
models. Trojan and (944) Hidalgo asteroid spectra closely resemble comae of active comets
since they all show a prominent 10 𝜇𝑚 plateau in their TIR spectra. We hypothesized that fine
particulate olivine (<10 𝜇𝑚) with high porosities could explain the 10 µm spectral feature. We
found that similar mineralogy (e.g., olivine) and particle sizes (~0.5-1.0 𝜇𝑚) to cometary comae
and carbonaceous chondrite meteorites (<0.5 𝜇𝑚 olivine matrix) were required to model the
Trojan and (944) Hidalgo spectra (Brearley & Jones 1998). Furthermore, we learned that lunarlike porosities instead of cometary comae-like porosities are required for modeling the spectra.
These lunar-like porosities suggest that similar to the lunar surface the asteroid surfaces have
likely experienced micrometeorite impacts and electrostatic dust lofting leading to their presentday porosities. The regolith characteristics of the Trojan asteroids and (944) Hidalgo are
consistent with those of cometary comae and some carbonaceous chondrite compositions.
Carbonaceous chondrites are meteorites whose parent bodies contained chondrules. Therefore
their parent bodies are primitive bodies that accreted from the solar nebula (e.g., Wood, 1963,
Wood, 1985, Wood, 1988, Metzler et al., 1992, Shu et al., 1996, Cuzzi et al., 2005). We know
that comets originated in the Kuiper Belt and Oort cloud (e.g., Oort 1950, Farinella et al. 2000,
Durda et al. 2000). Also, based on dynamical simulations it is likely that (944) Hidalgo formed
in the Kuiper Belt (e.g., Morbidelli 2005, Levison et al. 2008). Furthermore, it has been
suggested by dynamical simulations that due to their wide range of inclinations (up to 40°) the
Trojan asteroids likely formed in the Kuiper Belt or Oort cloud and were scattered into their
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present-day positions by giant planet migration versus accreting near Jupiter (Morbidelli 2005).
Thus, it is possible that the Trojan asteroids, being spectrally and compositionally similar to
cometary comae and (944) Hidalgo could have possibly formed in the Kuiper Belt and Oort
cloud. Furthermore, the parent bodies of carbonaceous chondrites may have also formed in a
similar environment.
Chapter 5: The Moon
The goal of this chapter was to determine if Mie theory and the Regolith Boundary Layer
(ReBL) Monte Carlo radiative transfer approach could model ambient TIR spectra of lunar
regolith using previously determined modal abundances. The specific science question we were
trying to address in this study was the composition of the lunar regolith. In this work we made
assumptions about the mineralogical abundances present in the rocky components of lunar soils
such as basalts, KREEP basalts, and anorthosites based on averages from bulk lunar soil
measurements. Furthermore, we assumed that other components such as agglutinates and glasses
contain the same proportion of mineral abundances as that of the bulk lunar soil. In our model
results we found that the CF was consistently modeled poorly in its position and shape. The
largest inaccuracy in our model was due to the use of Mie theory. It has been observed in
previous studies (e.g., Ito et al. 2017, Prem et al. 2022) that Mie theory overestimates the spectral
contrast of many of the spectral features especially the TF and we also observed this in our
modeling. We saw that many of the positions and shapes of the RB were not modeled correctly.
We used labradorite since we lacked the anorthite complex indices of refraction. To improve all
the lunar regolith model fits we would need the complex indices of refraction measured for
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anorthite to be able to include this mineral in the modeling. Also, other particle sizes or particle
size distributions could be explored to improve the model fit.
In this study we were trying to address the science question of lunar regolith composition.
Our primary problem in modeling composition was due to Mie theory not correctly computing
the scattering parameters. We learned that our current methods are not successful in determining
the composition of lunar regolith. The model fit could likely be improved by using an alternative
light scattering model to Mie theory such as the Multi-sphere T-matrix model.
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CHAPTER TWO: CLARISSA FAMILY AGE FROM THE YARKOVSKY
EFFECT CHRONOLOGY
The work presented in this chapter was previously published as “Clarissa Family Age
from the Yarkovsky Effect Chronology” by Lowry et al. in The Astronomical Journal, 160(3),
id. 127, September 2020 under the Creative Commons License. See Chapter Two Copyright
Permission Letter in the APPENDIX OF COPYRIGHT PERMISSIONS.

Introduction
Asteroid families consist of fragments produced by catastrophic and cratering impacts on
parent bodies (see Nesvorný et al. 2015 for a review). The fragments produced in a single
collision, known as family members, share similar proper semimajor axes (𝑎𝑝 ), proper
eccentricities (𝑒𝑝 ), and proper inclinations (𝑖𝑝 ) (Knežević et al. 2002; Carruba & Nesvorný
2016). Family members are also expected to have spectra that indicate similar mineralogical
composition to the parent body (Masiero et al. 2015). After their formation, families experience
collisional evolution (Marzari et al. 1995), which may cause them to blend into the main belt
background and evolve dynamically (Bottke et al. 2001). Since the collisional lifetime of a 2 km
sized body in the main belt is greater than 500 Myr (Bottke et al. 2005), which is nearly 10 times
longer than the Clarissa family’s age (see Section Results), we do not need to account for
collisional evolution. Instead, we only consider dynamical evolution of the Clarissa family to
explain its current orbital structure and constrain its formation conditions and age.
The Clarissa family is one of small, primitive (C or B type in asteroid taxonomy) families
in the inner asteroid belt (Morate et al. 2018). Of these families, Clarissa has the smallest extent
in semimajor axis, suggesting that it might be the youngest. This makes it an interesting target of
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dynamical study. Before discussing the Clarissa family in depth, we summarize what is known
about its largest member, asteroid (302) Clarissa shown in Figure 8.

Figure 8 Three-dimensional shape of (302) Clarissa from light-curve inversion (Ďurech et al.
2010, 2011; Hanuš et al. 2011; https://astro.troja.mff.cuni.cz/projects/damit ). Equatorial views
along the principal axes of inertia are shown in the left and middle panels. The polar view along
the shortest inertia axis is shown on the right (view from the direction of the rotation pole).

Analysis of dense and sparse photometric data shows that (302) Clarissa has a retrograde spin
with rotation period 𝑃 = 14.4797 hr, pole ecliptic latitude −72°, and two possible solutions for
pole ecliptic longitude, 28° or 190° (Hanuš et al. 2011). The latter solution was excluded once
information from stellar occultations became available (Ďurech et al. 2010, 2011). The stellar
occultation also provided a constraint on the volume-equivalent diameter 𝐷 = 43 ± 4 km of
(302) Clarissa (Ďurech et al. 2010, 2011) improving on an earlier estimate of 39 ± 3 km from the
analysis of IRAS data (Tedesco et al. 2004).
The 179 family members of the Clarissa family are tightly clustered around (302)
Clarissa (Nesvorný et al. 2015). The synthetic proper elements of the Clarissa family members
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were obtained from the Planetary Data System (PDS) node1 (Nesvorný 2015). Figure 1 shows
the projection of the Clarissa family onto the (ap, ep) and (ap, sin ip) planes. For comparison, we
also indicate in Figure 8 the initial distribution of fragments if they were ejected at speeds equal
to the escape speed from (302) Clarissa.

1

Re-running the hierarchical clustering method (Zappalà et al. 1990, 1994) on the most
recent proper element catalog results in only a slightly larger membership of the Clarissa family.
As the orbital structure of the family remains the same, we opt to use the original PDS
identification.
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Figure 9 Orbital structure of the Clarissa family: 𝑒𝑝 vs. 𝑎𝑝 (top panel), 𝑠𝑖𝑛(𝑖𝑝 ) vs. 𝑎𝑝 (bottom
panel). (302) Clarissa is highlighted by the green diamond. Locations of principal mean motion
resonances are indicated by the gray shaded regions with the three-body J4-S2-1 resonance on
the left and the exterior M1/2 resonance with Mars on the right. The resonance widths were
computed using software available from Gallardo (2014) (see also Nesvorný & Morbidelli
1998). It can be noted that the dispersion of the fragments surrounding (302) Clarissa is narrow
in 𝑒𝑝 , but sunward of the J4-S2-1 resonance, fragments are more dispersed in 𝑒𝑝 . The red
symbols mark potential interlopers in the family based on their location in the (𝑎𝑝 , H) plane (see
Figure 3). The green ellipses indicate a region in proper element space where the initial
fragments would land assuming: (i) isotropic ejection from the parent body, (ii) 𝑓 ≃ 𝜔 ≃ 90°
(see Appendix A), and (iii) velocity of 20 m 𝑠 −1 . This is equal to the escape velocity from (302)
Clarissa (𝑣𝑒𝑠𝑐 = 19.7 ± 1.8 m 𝑠 −1 for D=43 ± 4 km and bulk density 𝜌= 1.5 𝑔 𝑐𝑚−3 ).

To generate these initial distributions, we adopted the argument of perihelion 𝜔 ≃90° and
true anomaly 𝑓 ≃ 90°, both given at the moment of the parent body breakup (Zappalà et al. 1984;
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Nesvorný et al. 2006a; Vokrouhlický et al. 2006a) (see Appendix A Choice of Parameters 𝜔 and
𝑓). Other choices of these (free) parameters would lead to ellipses in Figure 9 that would be
tilted in the (ap, ep) projection and/or vertically squashed in the (ap, ip) projection (Vokrouhlický
et al. 2017a). Interestingly, the areas delimited by the green ellipses in Figure 9 contain only a
few known Clarissa family members. We interpret this as a consequence of the dynamical
spreading of the Clarissa family by the Yarkovsky effect.
Immediately following the impact on (302) Clarissa, the initial spread of fragments
reflects their ejection velocities. We assume that the Clarissa family was initially much more
compact than it is now (e.g., the green ellipses in Figure 9). As the family members drifted by
the Yarkovsky effect, the overall size of the family in ap slowly expanded. It is apparent that the
Clarissa family has undergone Yarkovsky drift since there is a depletion of asteroids in the
central region of the family in Figure 10.
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Figure 10 Clarissa family distribution in ap and H (bottom panel). (302) Clarissa is highlighted
by the black diamond (D = 43 ± 4 km; Ďurech et al. 2011). Small family members (H>17) are
missing in the center of the family, and they are pushed toward the borders. The curves are
calculated by Equation (1), where 𝑎𝑐 =2.4057 au corresponds to (302) Clarissa and 𝐶 = (5 ±
1) × 10−6 au (Nesvorný et al. 2015). Asteroids located far outside this envelope, shown in red,
are suspected interlopers. The top panel shows the ap distribution of family members (suspected
interlopers excluded) with 16.8 < H < 18 (corresponding to D = 2 km). The gray arrow
indicates a range of ap values that would be initially populated by Clarissa family members
(assumed ejection speeds ≤ 20 m s−1).
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There are no major resonances in the immediate orbital neighborhood of (302) Clarissa.
The ep and ip values of family members therefore remained initially unchanged. Eventually, the
family members reached the principal mean motion resonances, most notably the J4-S2-1 threebody resonance at ≃2.398 au (Nesvorný & Morbidelli 1998) which can change ep and ip. This
presumably contributed to the present orbital structure of the Clarissa family, where members
with ap < 2.398 au have significantly larger spread in ep and ip than those with ap > 2.398 au.
Note, in addition, that there are many more family members sunward from (302) Clarissa,
relative to those on the other side (Figure 10). We discuss this issue in more detail in Section
Results.
Figure 10 shows the absolute magnitudes H of family members as a function of ap. We
use the mean WISE albedo of the Clarissa family, pV = 0.056 ± 0.017 (Masiero et al. 2013,
2015) to convert H to D (shown on the right ordinate). As often seen in asteroid families, the
small members of the Clarissa family are more dispersed in ap than the large members. The
envelope of the distribution in (ap, H) is the escape velocity from (302) Clarissa, and the left side
of the family in Figure 10 is overpopulated by a factor of ∼4.
The solid gray curves in the bottom panel of Figure 10 delimit the boundaries wherein
most family members are located. The curves in the figure are calculated from the equation

𝐻 = −5 𝑙𝑜𝑔10(

|𝑎𝑝 −𝑎𝑐 |
𝐶

)

(1)

consequently “V” shaped (Vokrouhlický et al. 2006a). The small family members also
concentrate toward the extreme ap values, while there is a lack of asteroids in the family center,
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giving the family the appearance of ears. This feature has been shown to be a consequence of
the Yarkovsky–O’Keefe– Radzievskii–Paddack (YORP) effect, which produces a perpendicular
orientation of spin axis relative to the orbital plane and maximizes the Yarkovsky drift (e.g.,
Vokrouhlický et al. 2006a). Notably, the observed spread of small family members exceeds, by
at least a factor of two, the spread due to where 𝑎𝑐 is the family center and C is a constant. The
best fit to the envelope of the family is obtained with C=(5 ± 1) × 10−6 au. As explained in
Nesvorný et al. (2015), the constant C is an expression of (i) the ejection velocity field with
velocities inversely proportional to the size, and (ii) the maximum Yarkovsky drift of fragments
over the family age. It is difficult to decouple these two effects without detailed modeling of the
overall family structure (Sections Analysis and Results). Ignoring (i), we can crudely estimate
the Clarissa family age. For that we use

1

𝐶

𝑎

𝜌

0.2 2

𝑡 ≃ 1 𝐺𝑦 (10−4 𝑎𝑢) (2.5 𝑎𝑢) (2.5 𝑔 𝑐𝑚−3) ( 𝑝 ) ,

(2)

𝑣

from Nesvorný et al. (2015), where 𝜌 is the asteroid bulk density and pV is the visual albedo. For
the Clarissa family we adopt C=(5 ± 1) × 10−6 au, and values typical for a C-type asteroid:
𝜌 = 1.5 𝑔 𝑐𝑚−3, 𝑝𝑣 = 0.05, and find 𝑡𝑎𝑔𝑒 = 56 ± 11 Myr. Using similar arguments Paolicchi et
al. (2019) estimated that the Clarissa family is ∼50–80 Myr old. Furthermore, Bottke et al.
(2015) suggested 𝑡𝑎𝑔𝑒 ≃ 60 Myr for the Clarissa family but did not attach an error bar to this
value.
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Objects residing far outside of the curves given by are considered interlopers (marked red
in Figure 9 and Figure 10) and are not included in the top panel of Figure 10. Further affirmation
that these objects are interlopers could be obtained from spectroscopic studies (e.g.,
demonstrating that they do not match the family type; Vokrouhlický et al. 2006c). The
spectroscopic data for the Clarissa family are sparse, however, and do not allow us to confirm
interlopers. We mention asteroid (183911) 2004 CB100 (indicated by a red triangle) which was
found to be a spectral type X (likely an interloper). Asteroid (36286) 2000 EL14 (indicated by a
red square in Figure 10) has a low albedo 𝑝𝑣 ≃ 0.06 in the WISE catalog (Masiero et al. 2011)
and Morate et al. (2018) found it to be a spectral type C. Similarly, asteroid (112414) 2000
NV42 (indicated by a red circle) was found to be a spectral type C. These bodies may be
background objects although the background of primitive bodies in the inner main belt is not
large. The absolute magnitudes H could be determined particularly badly (according to Pravec et
al. 2012 the determination of H may have an uncertainty accumulated up to a magnitude), but it
is not clear why only these two bodies of spectral type C would have this bias.
The absolute magnitude H distribution of Clarissa family members can be approximated
by a power law, 𝑁(< 𝐻) ∝ 10𝛾𝐻 (Vokrouhlický et al. 2006c), with 𝛾 = 0.75 (Figure 11).
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Figure 11 Cumulative absolute magnitude H distribution of 169 Clarissa family members (10
suspected interlopers removed: Figure 10). The large dot indicates (302) Clarissa. The gray
reference line is 𝑁(< 𝐻) ∝ 10𝛾𝐻 with 𝛾 = 0.75 . The diameters are labeled on the top.

The relatively large value of 𝛾 and large size of (302) Clarissa relative to other family
members are indicative of a cratering event on (302) Clarissa (Vokrouhlický et al. 2006a). The
significant flattening of (302) Clarissa in the northern hemisphere (Figure 8) may be related to
the family-forming event (e.g., compaction after a giant cratering event). This is only
speculation, and we should caution the reader about the uncertainties in shape modeling. In the
next section, we describe numerical simulations that were used to explain the present orbital
structure of the Clarissa family and determine its formation conditions and age. We take
particular care to demonstrate the strength of the J4-S2-1 resonance and its effect on the family
structure inside of 2.398 au.
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Numerical Model
As a first step toward setting up the initial conditions, we integrated the orbit of (302)
Clarissa over 1 Myr. We determined the moment in time when the argument of perihelion of
(302) Clarissa reached 90° (note that the argument is currently near 54°). Near that epoch we
followed the asteroid along its orbit until the true anomaly reached 90° (Figure 12).

Figure 12 Osculating elements of (302) Clarissa over 1 Myr into the future. At time t ≃ 47.35
ky (red dot), ω = 90° and f = 90°.
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This was done to have an orbital configuration compatible with 𝜔 ≃ f ≃ 90° (see Appendix A
Choice of Parameters 𝜔 and 𝑓 for more comments) that we used to plot the ellipses in Figure 9.
At that epoch we recorded (302) Clarissa’s heliocentric position vector R and velocity V and
added a small velocity change dV to the latter. This represents the initial ejection speed of
individual members. From that we determined the orbital elements using the Gauss equations
with 𝑓 = 90° and 𝜔 = 90° (Zappalà et al. 1996). We generated three distributions with 𝛿𝑉 =
10, 20, and 30 m s −1 to probe the dependence of our results on this parameter (ejection
directions were selected isotropically). Note that 𝛿𝑉 = 20 m s−1 best matches the escape speed
from (302) Clarissa. The assumption of a constant ejection speed of simulated fragments is not a
significant approximation, because we restrict our modeling to 𝐷 = 2 km which is the
characteristic size of most known family members.
We used the SWIFT-RMVS4 code of the SWIFT-family software written by Levison &
Duncan (1994). The code numerically integrates orbits of N massive (the Sun and planets) and n
massless bodies (asteroids in our synthetic Clarissa family). For all of our simulations we
included eight planets (Mercury to Neptune), thus 𝑁 = 9, and 𝑛 = 500 test family members.
We used a time step of two days and simulated all orbits over the time span of 150 Myr. This is
comfortably longer than any of the age estimates discussed in Section Introduction. The
integrator eliminates test bodies that get too far from the Sun or impact a massive body. Since
(302) Clarissa is located in a dynamically stable zone and the simulation is not too long, we did
not see many particles being eliminated. Only a few particles leaked from the J4-S2-1 resonance
onto planet crossing orbits. The Clarissa family should thus not be a significant source of nearEarth asteroids.
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The integrator mentioned above takes into account gravitational forces among all
massive bodies and their effect on the massless bodies. Planetary perturbations of Clarissa
family members include the J4-S2-1 and M1/2 resonances shown in Figure 10 and the secular
perturbations which cause oscillations of osculating orbital elements (Figure 12). The principal
driver of the long-term family evolution, however, is the Yarkovsky effect, which causes
semimajor axis drift of family members to larger or smaller values. Thus, we extended the
original version of the SWIFT code to allow us to model these thermal accelerations. Details of
the code extension can be found in Vokrouhlický et al. (2017a) and Bottke et al. (2015) (also see
Appendix B Details of Code Extension). Here we restrict ourselves to describing the main
features and parameters relevant to this work.
The linear heat diffusion model for spherical bodies is used to determine the thermal
accelerations (Vokrouhlický 1999). We only account for the diurnal component since the
seasonal component is smaller and its long-term effect on semimajor axis vanishes when the
obliquity is 0° or 180°. We use 𝐷 = 2 km and assume a bulk density of 1.5 g cm−3 which
should be appropriate for primitive C/B-type asteroids (Nesvorný et al. 2015; Scheeres et al.
2015). Considering the spectral class and size, we set the surface thermal inertia equal to 250 in
SI units (Delbo et al. 2015). To model thermal drift in the semimajor axis we also need to know
the rotation state of the asteroids: the rotation period P and orientation of the spin vector s. The
current rotational states of the Clarissa family members, except for (302) Clarissa itself (see
Section Introduction), are unknown. This introduces another degree of freedom into our model
because we must adopt some initial distribution for both of these parameters. For the rotation
period P we assume a Maxwellian distribution between 3 and 20 hr with a peak at 6 hr based on
Equation (4) from Pravec et al. (2002). The orientation of the spin vectors was initially set to be
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isotropic but, as we will show, this choice turned out to be a principal obstacle in matching the
orbital structure of the Clarissa family (e.g., the excess of members sunward from (302)
Clarissa). We therefore performed several additional simulations with non-isotropic
distributions to test different initial proportions of prograde and retrograde spins.
The final component of the SWIFT extension is modeling the evolution of the asteroids’
rotation state. For this we implement an efficient Symplectic integrator described in Breiter et
al. (2005). We introduce Δ which is the dynamical ellipticity of an asteroid. It is an important
parameter since the SWIFT code includes effects of solar gravitational torque. We assume that
Δ=

𝐶−0.5(𝐴+𝐵)
𝐶

, where (𝐴, 𝐵, 𝐶) are the principal moments of the inertia tensor with mean 0.25

and standard deviation 0.05. These values are representative of a population of small asteroids
for which the shape models were obtained (e.g., Vokrouhlický & Čapek 2002).
The YORP effect produces a long-term evolution of the rotation period and direction of
the spin vector (Bottke et al. 2006; Vokrouhlický et al. 2015). To account for that we
implemented the model of Čapek & Vokrouhlický (2004) where the YORP effect was evaluated
for bodies with various computer-generated shapes (random Gaussian spheroids). For a 2 km
sized Clarissa family member, this model predicts that YORP should double the rotational
frequency over a mean timescale of ≃80 Myr.
We define one YORP cycle as the evolution from a generic initial rotation state to the
asymptotic state with very fast or very slow rotation, and obliquity near 0° or 180°. Given that
the previous Clarissa family age estimates are slightly shorter than the YORP timescale quoted
above, we expect that D ≃ 2 km members have experienced less than one YORP cycle. This is
fortunate because previous studies showed that modeling multiple YORP cycles can be
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problematic (Bottke et al. 2015; Vraštil & Vokrouhlický 2015). As for the preference of YORP
to accelerate or decelerate spins, Golubov & Krugly (2012) studied YORP with lateral heat
conduction and found that YORP more often tends to accelerate rotation than to slow down
rotation (see also Golubov & Scheeres 2019 for effects on obliquity). The proportion of slowdown to spin-up cases is unknown and, for sake of simplicity, we do not model these effects in
detail. Instead, we take an empirical and approximate approach. Here we investigate cases
where (i) 50% of spins accelerate and 50% decelerate (the YORP1 model), and (ii) 80% of spins
accelerate and 20% decelerate (YORP2). See Table 1 for a summary of model assumptions both
physical and dynamical.

Table 1 Summary of Physical and Dynamical Model Assumptions: the asteroid physical
parameters are based on typical values for C-type asteroids (Nesvorný et al. 2015). The
dynamical properties stem from current predictions of YORP theory (see Vokrouhlický & Čapek
2002; Čapek & Vokrouhlický, 2004; Breiter et al. 2005; Bottke et al. 2006; Vokrouhlický et al.
2015).
Asteroid Physical Properties
(302) Clarissa’s diameter
Visual albedo
Bulk density
Thermal inertia
Constant C
Dynamical Properties
Initial velocity field
Initial percentage of asteroid retrograde
rotation
Asteroid rotational period
Only considered diurnal component of
Yarkovsky drift
Asteroid dynamical ellipticity
Preference for YORP to accelerate or
decelerate asteroid spin

Value
43 ± 4 km
0.056 ± 0.017
1.5 g cm−3
250 J m−2 s −0.5 K −1
(5 ± 1) × 10−6 au
Value
Isotropic with 10-30 m s−1
Varying from 50% to 100% by 10%
increments
Maxwellian 3-20 hr with peak at 6 hr
Dominates over seasonal component
Gaussian with μ = 0.25 and σ = 0.05
50:50 and 80:20 (acceleration:deceleration)
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Analysis
We simulated 500 test bodies over 150 Myr to model the past evolution of the synthetic
Clarissa family. For each body, we compute the synthetic proper elements with 0.5 Myr cadence
and 10 Myr Fourier window (Šidlichovský & Nesvorný 1996). Our goal is to match the orbital
distribution of the real Clarissa family. This is done as follows. The top panel of Figure 10
shows the semimajor axis distribution of 114 members of the Clarissa family with sizes 𝐷 = 2
𝑖
km. We denote the number of known asteroids in each of the bins as 𝑁𝑜𝑏𝑠
, where i spans 25 bins

as shown in Figure 10. We use one million trials to randomly select 114 of our synthetic family
𝑖
asteroids and compute their semimajor axis distribution 𝑁𝑚𝑜𝑑
for the same bins. For each of

these trials we compute a χ2-like quantity,

𝜒𝑎2 (𝑇)

= ∑𝑖

𝑖
𝑖
(𝑁𝑚𝑜𝑑
−𝑁𝑜𝑏𝑠
)
𝑖
𝑁𝑜𝑏𝑠

2

,

(3)

𝑖
where the summation goes over all 25 bins. The normalization factor of 𝜒𝑎2 (𝑇), namely 𝑁𝑜𝑏𝑠
, is

a formal statistical uncertainty of the population in the ith bin. We set the denominator equal to
𝑖
unity if 𝑁𝑜𝑏𝑠
= 0 in a given bin.

Another distinctive property of the Clarissa family is the distribution of eccentricities
+
sunward of the J4-S2-1 resonance. We denote 𝑁𝑜𝑏𝑠
as the number of members with 𝑎𝑝 < 2.398

au and 𝑒𝑝 > 0.1065 (i.e., sunward from J4-S2-1 and eccentricities larger than the proper
−
eccentricity of (302) Clarissa; Figure 9). Similarly, we denote as 𝑁𝑜𝑏𝑠
the number of members
+
−
with 𝑎𝑝 < 2.398 au and 𝑒𝑝 < 0.1065. For D ≃ 2 km, we find 𝑁𝑜𝑏𝑠
= 48 and 𝑁𝑜𝑏𝑠
= 5. It is
+
−
peculiar that 𝑁𝑜𝑏𝑠
/𝑁𝑜𝑏𝑠
≃ 10 because the initial family must have had a more even distribution of
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eccentricities. This has something to do with crossing of the J4-S2-1 resonance (see below). As
+
−
our goal is to simultaneously match the semimajor axis distribution and 𝑁𝑜𝑏𝑠
/𝑁𝑜𝑏𝑠
, we define

𝜒

2 (𝑇)

=

𝜒𝑎2 (𝑇)

+

+
+
(𝑁𝑚𝑜𝑑
)
+𝑁𝑜𝑏𝑠
+
𝑁𝑜𝑏𝑠

2

+

2
−
(𝑁𝑚𝑜𝑑
)
−𝑁𝑜𝑏𝑠
−
𝑁𝑜𝑏𝑠

2

,

(4)

+
−
where 𝑁𝑚𝑜𝑑
and 𝑁𝑚𝑜𝑑
are computed from the model. The Clarissa family age is found by

computing the minimum of 𝜒 2 (𝑇) (Figure 13).

Figure 13 Time-dependence of the 𝜒 2 function defined in Equation (4): left panel for the YORP1
model, right panel for the YORP2 model. These simulations used 20 m 𝑠 −2 initial ejection
velocity field that is isotropic in space. Symbols show 𝜒 2 computed by the procedure described
in Section 3. The color coding corresponds to models with different fractions of initially
retrograde rotators (see Figure 14 for a summary of the parameters): 50% (black), 60% (cyan),
70% (green), 80% (red), 90% (blue), and 100% (purple). The red and blue parabolas are
quadratic fits of 𝜒 2 near the minima of the respective data sets. The dashed light-gray line
marks the value of 27, equal to the number of effective bins. The best age solutions are 54 ± 6
Myr and 56 ± 6 Myr for YORP1 and YORP2, respectively. The YORP2 model provides the best
solution with 𝜒 2 ≃ 5.4. In both cases, simulations with 70% - 90% of initially retrograde
rotators provide the best solutions.
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We find that 𝜒 2 (𝑇) always reaches a single minimum in 0 < T < 150 Myr. The minimum
of 𝜒 2 (𝑇) was then determined by visual inspection, performing a second-order polynomial fit of
the form 𝜒 2 (𝑇) ≃ 𝑎𝑇 2 + 𝑏𝑇 + 𝑐 in the vicinity of the minimum, and thus correcting the guessed
value to 𝑇∗ = −𝑏/2𝑎. After inspecting the behavior of 𝜒 2 (𝑇), we opted to use a ±15 Myr
interval where we fit the second order polynomial, for instance, between 40 and 70 Myr, if the
minimum is at 55 Myr, and so on. A formal uncertainty is found by considering an increment
Δ𝜒 2 resulting in 𝛿𝑇 = √

Δ𝜒2
𝑎

. Thus, the age of the Clarissa family is 𝑡𝑎𝑔𝑒 = 𝑇∗ ± 𝛿𝑇. In a two-

parameter model, where the two parameters are T and the initial fraction of retrograde rotators,
we need Δ𝜒 2 = 2.3 for a 68% confidence limit or 1𝜎, and Δ𝜒 2 = 4.61 for a 90% confidence
limit or 2𝜎 (Press et al. 2007, Chapter 15, Section 6). Our error estimates are approximate. The
model has many additional parameters, such as the initial velocity field, thermal inertia, bulk
density, etc. Additionally, a Kolmogorov–Smirnov two-sample test (Press et al. 2007, Chapter
14, Section 3) was performed on selected models (Figure 15 and Figure 16). This test provides
an alternative way of looking at the orbital distribution of Clarissa family members in the
semimajor axis. It has the advantage of being independent of binning.

Results
Isotropic Velocity Field with 20 m s
These reference jobs used the assumption of an initially isotropic velocity field with all
fragments launched at 20 m s −1 with respect to (302) Clarissa. This set of simulations included
two cases: the (i) YORP1 model (equal likelihood of acceleration and deceleration of spin), and
(ii) the YORP2 model (80% chance of acceleration versus 20% chance of deceleration). In each
62

case, we simulated six different scenarios with different percentages of initially retrograde
rotators (from 50% to 100% in increments of 10%). See Figure 14 for a summary diagram of
model input parameters. In total, this effort represented 12 simulations, each following 500 test
Clarissa family members.

Figure 14 Summary of all input parameters for the YORP model simulations as shown in Figure
13 and explained in Section Results. This diagram can be read as follows: for example, in the
YORP1 model (50:50 chance of acceleration: deceleration of spin by YORP) we simulated
fragments with an initial ejection velocity of 20 m 𝑠 −1 which included varying fractions of
initially retrograde rotators from 50% to 100% in increments of 10%. The initial ejection
velocity of 20 m 𝑠 −1 represents overall 12 simulations with the YORP1 and YORP2 models.
These simulated cases include only the isotropic velocity field.

Figure 13 summarizes the results by reporting the time dependence of 𝜒 2 (𝑇) from
Equation (4). In all cases, 𝜒 2 (𝑇) reaches a well-defined minimum. Initially the test body
distribution is very different from the orbital structure of the Clarissa family and 𝜒 2 (0) is
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therefore large. For 𝑇 ≥ 100 Myr, the simulated bodies evolve too far from the center of the
family, well beyond the width of the Clarissa family in 𝑎𝑝 , and 𝜒 2 (𝑇) is large again. The
minimum of 𝜒 2 (𝑇) occurs near 50–60 Myr. For the models with equal split of prograde and
retrograde rotators (Figure 13, black symbols) the minimum 𝜒 2 (𝑇∗ ) ≃ 50 which is inadequately
large for 27 data points (this applies to both the YORP1 and YORP2 models). This model can
therefore be rejected. The main deficiency of this model is that bodies have an equal probability
to drift inward or outward in 𝑎𝑝 (left panel of Figure 17). The model therefore produces a
symmetric distribution in semimajor axis, which is not observed (see the top panel of Figure 10).
The simulations also show that the M1/2 orbital resonance with Mars is not strong enough to
produce the observed asymmetry. We thus conclude that the 𝑎𝑝 distribution asymmetry must be
a consequence of the predominance of retrograde rotators in the family. This prediction can be
tested observationally.
The results shown in Figure 13 indicate that the best solutions are obtained when 70% 90% of fragments have initially retrograde rotation. These models lead to 𝜒 2 (𝑇∗ ) ≃ 11.4 for
YORP1 and for 𝜒 2 (𝑇∗ ) ≃ 5.4 for YORP2. Both these values are acceptably low. A statistical
test shows that the probability 𝜒 2 should attain or exceed this level by random fluctuations is
greater than 90% (Press et al. 2007, Chapter 15, Section 2). The inferred age of the Clarissa
family is 𝑡𝑎𝑔𝑒 ≃ 54 ± 6 Myr for the YORP1 model and 𝑡𝑎𝑔𝑒 ≃ 56 ± 6 Myr for the YORP2
model.
The results of the Kolmogorov–Smirnov test confirm these inferences. For example, if
we select a 90% confidence limit to be able to compare with the best-fit 𝜒 2 result, we obtain
𝑡𝑎𝑔𝑒 = 56+7
−6 Myr for the YORP2 model (see Figure 15 and Figure 16). The best fit to the
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observed 𝑎𝑝 distribution is shown for YORP2 in Figure 17 (right panel). The model distribution
for 𝑇∗ = 56 Myr indeed represents an excellent match to the present Clarissa family.

Figure 15 Kolmogorov–Smirnov two-sample test: D-value vs. time (top panel), and p-value vs.
time (bottom panel), both computed from the cumulative distribution functions 𝐹1 (𝑎𝑝 ) (model)
and 𝐹2 (𝑎𝑝 ) (observed). The test was applied to the preferred YORP2 model (80% preference for
acceleration by YORP with 80% of retrograde rotators; Figure 13). The dashed red line refers
to the critical D-value, 𝐷𝛼 (𝛼 = 0.10) which corresponds to a 90% confidence limit (O’Connor
& Kleyner 2012, Appendix 3). We find 𝑡𝑎𝑔𝑒 = 56+7
−6 Myr using this test. This result closely
2
matches that obtained with the 𝜒 method described in Section Analysis.
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Figure 16 Kolmogorov–Smirnov two-sample test: cumulative distribution functions 𝐹1 (𝑎𝑝 )
(model, blue line) and 𝐹2 (𝑎𝑝 ) (observed, red line). The model distribution is shown for our
preferred YORP2 model at 𝑇∗ = 56 Myr. This curve (blue) corresponds to the minimum of the
D-value and the maximum p-value plotted in Figure 15. The green and black dashed lines are
𝐹1 (𝑎𝑝 ) ± 𝐷𝛼 corresponding to a 90% confidence band where 𝐹1 (𝑎𝑝 ) − 𝐷𝛼 ≤ 𝐹2 (𝛼) ≤ 𝐹1 (𝛼) +
𝐷𝛼 . This interval contains the true cumulative distribution function 𝐹2 (𝑎𝑝 ) with a 90%
probability.
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Figure 17 Minimum 𝜒 2 solution for the YORP2 model in both panels with 20 m 𝑠 −1 ejection
speed with 50% of initially retrograde spins (left panel) and 80% of initially retrograde spins
(right panel). The solid black line represents the observed family corresponding to the top panel
of Figure 10. The dashed line is the initial distribution of test bodies. The gray histogram is the
model distribution where 𝜒 2 reached a minimum in the simulation corresponding to age
solutions of 𝑇∗ = 63 Myr (left panel) and 56 Myr (right panel). In the left panel the model
distribution is quite symmetric and does not match the observed family distribution. There is
only a slight asymmetry in the model distribution (left panel) which is due to asteroids leaking
out of the family range via the M1/2 resonance. The light-gray bars highlight locations of the
principal resonances.

The orbital distribution produced by our preferred YORP2 model is compared with
observations in Figure 18. We note that the test bodies crossing the J4-S2-1 resonance often
have their orbital eccentricity increased. This leads to the predominance of orbits with 𝑒𝑝 >
+
−
0.1065 for 𝑎𝑝 < 2.398 au. We obtain 𝑁𝑚𝑜𝑑
= 45 and 𝑁𝑚𝑜𝑑
= 5, which is nearly identical to the
+
−
values found in the real family (𝑁𝑜𝑏𝑠
= 48 and 𝑁𝑜𝑏𝑠
= 5). Suggestively, even the observed

sin 𝑖𝑝 distribution below the J4-S2-1 resonance, which is slightly wider, is well reproduced. We
also note a hint of a very weak mean motion resonance at 𝑎𝑝 ≃ 2.404 au which manifests itself
as a slight dispersal of 𝑒𝑝 . Using tools discussed and provided by Gallardo (2014), we
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tentatively identified it as a three-body resonance J6-S7-1, but we did not prove it by analysis of
the associate critical angle.

Figure 18 Orbital evolution of family members in our preferred YORP2 model shown in Figure
17 (right panel). The proper orbital elements 𝑒𝑝 and 𝑎𝑝 are shown in the top panel, and 𝑠𝑖𝑛(𝑖𝑝 )
and 𝑎𝑝 are shown in the bottom panel. The red symbols are the 114 members of the Clarissa
family with sizes 𝐷 = 2 km (those within the strip delimited by the dashed gray lines in the
bottom panel of Figure 10). The blue symbols show orbits of 114 modeled bodies for 𝑇∗ = 56
Myr. The gray lines show the evolutionary tracks of the test bodies.
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Anisotropic Velocity Field with 20 m s
Here we discuss (and rule out) the possibility that the observed asymmetry in 𝑎𝑝 is
related to an anisotropic ejection velocity field (rather than to the preference for retrograde
rotation as discussed above). To approximately implement an anisotropic velocity field we
select test bodies initially populating the left half of the green ellipses in Figure 9 (i.e., all
fragments assumed to have initial 𝑎𝑝 lower than (302) Clarissa) and adopt a 50%–50% split of
prograde/retrograde rotators. This model does not work because the evolved distribution in 𝑎𝑝
becomes roughly symmetrical (with only a small sunward shift of the center). This happens
because the Yarkovsky drift on the 𝑎𝑝 distribution is more important than the initial distribution
of fragments in 𝑎𝑝 . We also tested a model that combined the preference for effects of the are
more retrograde rotation with the anisotropic ejection field. As before, we found that the bestfitting models were obtained if there was an ∼80% preference for retrograde rotation. The fits
were not as good, however, as those obtained for the isotropic ejection field. The minimum
𝜒 2 (𝑇∗ ) achieved

was ≃12, which is significantly higher than the previous result with 𝜒 2 (𝑇∗ ) ≃

5.4. We therefore conclude that the observed structure of the Clarissa family can best be
explained if fragments were ejected isotropically and there was ≃4:1 preference for retrograde
rotation. This represents an important constraint on the impact that produced the Clarissa family
and, more generally, on the physics of large-scale collisions.
−

1

Isotropic Velocity Field with 10 and 30 m s
We performed additional simulations with the isotropic ejection field and velocities of 10
and 30 m s−1 . The main goal of these simulations was to determine the sensitivity of the results
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to this parameter. Analysis of the simulations with 10 m s−1 revealed results similar to those
obtained with 20 m s−1 (Section Results). For example, the best-fitting solution for the preferred
YORP2 had 𝜒 2 (𝑇∗ ) ≃ 3.9 and 𝑡𝑎𝑔𝑒 = 59 ± 5 Myr (90% confidence interval).
Again, 70% to 90% of test bodies are required to have initially retrograde rotation.
Results obtained with 30 m s −1 showed that this value is already too large to provide an
acceptable fit. The best-fit solution of all investigated models with 30 m s −1 is χ2 ≃ 25. This
happens because the initial spread in the semimajor axis is too large and the Yarkovsky and
YORP effects are not capable of producing Clarissa family ears (see Figure 10). We conclude
that ejection speeds approximately greater than or equal to 30 m s −1 can be ruled out. Figure 19
shows results similar to Figure 18, but for ejection velocities 𝑣𝑒𝑗 =10 m s −1 (left panel) and
𝑣𝑒𝑗 = 30 m s−1 (right panel); all other simulation parameters are the same as in Figure 18 and
the configuration is shown when 𝜒 2 of the corresponding run reached a minimum. The former
simulation, 10 m s−1 ejection speed, still provides very good results. The initial spread in proper
eccentricities near (302) Clarissa (at 𝑎𝑝 ≃ 2.4057 au) is significantly smaller, but the abovementioned weak mean motion resonance at 2.404 au suitably extends the family at smaller 𝑎𝑝
region as the members drift across. This helps to balance the 𝑒𝑝 distribution of the family
members below the J4-S2-1 resonance and also provides a tight 𝑒𝑝 distribution near the M1/2
resonance. On the other hand, the simulation with a 30 m 𝑠 −1 ejection speed gives much worse
results (the best we could get was 𝜒 2 ≃ 23.8 for the simulation shown on the right panel of
Figure 19).
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Figure 19 Orbital evolution of family members in our preferred YORP2 model (80% of initially
retrograde spins and 80% preference for spin acceleration by YORP) for initial ejection
velocities of 𝑣𝑒𝑗 = 10 𝑚 𝑠 −1 (left panel) and 𝑣𝑒𝑗 = 30 𝑚 𝑠 −1 (right panel). This figure is
similar to Figure 18 but with two different ejection speeds. The red symbols are the 114
members of the Clarissa family with sizes 𝐷 = 2 km (those within the strip delimited by the
dashed gray lines in the bottom panel of Figure 10). The blue symbols show orbits of 114
modeled bodies at the time of minimum χ2 of the respective simulation, 𝑇∗ = 59 Myr (left panel)
and 𝑇∗ = 56 𝑀𝑦𝑟 (right panel). The gray lines show the evolutionary tracks of the test bodies in
both simulations.

Here the family initial extension in 𝑒𝑝 and sin 𝑖𝑝 is large, and this implies that also the
population of fragments that crossed the J4-S2-1 resonance remains unsuitably large and
contradicts the evidence of a shift toward larger values on its sunward side.
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Discussion and Conclusions
The Clarissa family is an interesting case. The family’s location in a dynamically quiet
orbital region of the inner belt allowed us to model its structure in detail. Its estimated age is
older than any of the very young families (e.g., Nesvorný et al. 2002, 2006a, 2006b) but younger
than any of the families to which the Yarkovsky effect chronology was previously applied (e.g.,
Vokrouhlický et al. 2006a, 2006b, 2006c). Specifically, we found that the Clarissa family is 56
± 6 Myr old (formal 90% confidence limit). The dependence on parameters not tested in this
work may imply a larger uncertainty. For example, here we adopted a bulk density 𝜌 = 1.5 g
cm−3 . In the case of pure Yarkovsky drift the age scales with 𝜌 as 𝑡𝑎𝑔𝑒 ∝ 𝜌; higher/lower
densities would thus imply older/ younger ages. However, in our model this scaling is more
complicated since altering 𝜌 changes the YORP timescale and the speed of resonance crossing.
The initial ejection velocities were constrained to be smaller than ≃20 m 𝑠 −1 , a value
comparable to the escape velocity from (302) Clarissa. We found systematically better results
for the model where ∼80% of fragments had rotation accelerated by YORP and the remaining
∼20% had rotation decelerated by YORP. This tendency is consistent with theoretical models of
YORP and actual YORP detection, which suggest the same preference (as reviewed in
Vokrouhlický et al. 2015).
The most interesting result of this work is the need for asymmetry in the initial rotation
direction for small fragments. We estimate that between 70% and 90% of D ≃ 2 km Clarissa
family members initially had retrograde rotation. As this preference was not modified much by
YORP over the age of the Clarissa family, we expect that the great majority of small family
members with 𝑎 < 2.406 au (i.e., lower than the semimajor axis of (302) Clarissa) must be
retrograde rotators today. This prediction can be tested observationally.
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In fact, prior to running the test cases mentioned in Figure 14 of Section Results we
expected that simulating more retrograde rotators in roughly the 80:20 proportion would match
the distribution of the observed Clarissa family. We see roughly the same proportion in the Vshape of Figure 10 where there more asteroids on the left side. Possible causes for the split of
prograde/retrograde rotators in the Clarissa family and other asteroid families could be a
consequence of the original parent body rotation, the geometry of impact, fragment
reaccumulation, or something else. Some previously studied asteroid families have already
hinted at possible asymmetries or peculiar diversity. For example, the largest member of the
Karin family is a slow prograde rotator, while a number of members following (832) Karin in
size are retrograde rotators (Nesvorný & Bottke 2004; Carruba et al. 2016). Similarly, the largest
member of the Datura family is a very fast prograde rotator, while several members with smaller
size are very slowly rotating and peculiarly shaped objects, all in a prograde sense (e.g.,
Vokrouhlický et al. 2017b). The small members of the Agnia family are predominantly
retrograde (≃60%; Vokrouhlický et al. 2006b). The inferred conditions of Clarissa family
formation, together with (302) Clarissa’s slow and retrograde rotation, therefore present an
additional interesting challenge for modeling large-scale asteroid impacts. We encourage our
fellow researchers to investigate the interesting scientific problem of the possible causes in the
split of prograde/retrograde rotators.
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Appendix A Choice of Parameters 𝜔 and 𝑓
Obviously, our choice of 𝜔 and 𝑓 for the initial configuration of the synthetic Clarissa
family is not unique. However, we argue that (i) there are some limits to be satisfied, and (ii)
beyond these limits the results would not critically depend on the choice of 𝑓 and 𝜔. First, we
postulate an initial ejection velocity of family members around 20 m 𝑠 −1 (about the escape
velocity from (302) Clarissa) as the most probable value (often seen in young asteroid families).
Then, the choice 𝜔 + 𝑓 either near 0° or 180° is dictated by the Clarissa family extent in proper
inclination values in between the J4-S2-1 and M1/2 resonances (see the green ellipses in Figure
2). There are no dynamical effects in between these two resonances to increase the inclination to
observed values. So, for instance, if 𝜔 + 𝑓 were close to 90°, the spread in proper inclination
would collapse to zero which is contrary to observation (see the corresponding Gauss equation
from Zappalà et al. 1996). In the same way, if we want to have fragments roughly equally
represented around Clarissa in the (𝑎𝑝 , 𝑒𝑝 ) plot (Figure 9) then we need 𝑓 near 90° (for instance,
values of 0° or 180° would shrink the appropriate ellipse to a line segment, again not seen in the
data).

Appendix B Details of Code Extension
Here we provide few more details about implementation of radiation torques (the YORP
effect) in our code; more can be found in Vokrouhlický et al. (2017a) and Bottke et al. (2015).
We do not assume a constant rate in rotational frequency 𝜔, and we do not assume a constant
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obliquity 𝜖 of all evolving Clarissa fragments. Instead, after setting some initial values (𝜔𝑜 , 𝜖𝑜 )
for each of them, we numerically integrate Equations (3) and (5) of Čapek & Vokrouhlický
(2004), or also Equations (2) and (3) of Appendix A in Bottke et al. (2015). This means
𝑑𝜖

𝑓(𝜖) and 𝑑𝑡 =

𝑑𝜔
𝑑𝑡

=

𝑔(𝜖)
𝜔

. As a template for the 𝑓 − and 𝑔 −functions we implement results from

Figure 8 of Čapek & Vokrouhlický (2004) (note this also fixes the general dependence of the
gfunctions on the surface thermal conductivity). The 𝑔 −function has a typical wave pattern
making obliquity evolve asymptotically to 0° or 180° from a generic initial value. The
𝑓 −function also has a wave pattern, though the zero value is near ∼55° and ∼125° obliquity and
at 0° or 180° obliquity (Čapek & Vokrouhlický 2004). Čapek & Vokrouhlický had an equal
likelihood of acceleration or deceleration of 𝜔 (due to the simplicity of their approach). This is
our YORP1 model. When we tilt these statistics to 80% asymptotically accelerating and 20%
asymptotically decelerating cases for 𝜔, we obtain our YORP2 model (this is our empirical
implementation of the physical effects studied in Golubov & Krugly 2012). We can do that
straightforwardly because at the beginning of the integration we assign to each of the fragments
one particular realization of the 𝑓 − and 𝑔 −functions from the pool covered by Čapek &
Vokrouhlický (2004) results (their Figure 8).
The behavior at the boundaries of the rotation rate ω also needs to be implemented: (i) the
shortest allowed rotation period is set to 2 hr (before fission would occur), and (ii) the longest is
set at a 1000 hr rotation period. Modeling of the rotation evolution at these limits is particularly
critical for old families, such as Flora or even Eulalia (discussed in Vokrouhlický et al. 2017a
and Bottke et al. 2015), because small fragments reach the limiting values over a timescale much
smaller than the age of the family. Fortunately, this problem is not an issue for the Clarissa
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family due to its young age. Many fragments in our simulation just make it to these asymptotic
limits. Note also that while slowing down 𝜔 by YORP, asteroids do not cease rotation and start
tumbling (not implemented in detail in our code). For that reason, while arbitrary and simplistic,
the 1000 hr smallest-𝜔 limit is acceptable. Our code inherits from Bottke et al. (2015) some
approximate recipes on what to do in these limits. For instance, when stalled at an 1000 hr
rotation period (“tumbling phase”), the bodies are sooner or later assumed to receive a
subcatastrophic impact that resets their rotation state to new initial values. When the rotation
period reaches 2 hr, we assume a small fragment gets ejected by fission and the rotation rate
resets to a smaller value. In both cases, an entirely new set of values for the 𝑓 − and
𝑔 −functions is chosen.
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CHAPTER THREE: LINEAR MODELING OF FINE PARTICULATE
MATERIALS: IMPLICATIONS FOR COMPOSITIONAL ANALYSES OF
PRIMITIVE ASTEROIDS
The work presented in this chapter was previously published as “Linear Modeling of Fine
Particulate Materials: Implications for Compositional Analyses of Primitive Asteroids” by
Lowry et al. in the journal Earth and Space Science, 9 (3), article id. e02146, March 2020 under
the Creative Commons Open Access License. See Chapter Three Copyright Permission Letter in
the APPENDIX OF COPYRIGHT PERMISSIONS.

Introduction
Linear least squares modeling of infrared spectra is a fast and effective way to spectrally
estimate the modal mineral abundances of laboratory samples and remotely sensed surfaces to
within 5%, on average (e.g., Ramsey & Christensen, 1998). Mixed spectra may be deconvolved
into areal percentages of each end member with the underlying assumption that these
percentages correspond to volume percentages (e.g., Ramsey & Christensen, 1998; Hamilton &
Christensen, 2000). This technique has been applied to spectra of whole rocks, coarse
particulates, including rocks and meteorites, and the Martian surface to successfully estimate the
modal abundances of materials (e.g., Ramsey & Christensen, 1998; Hamilton & Christensen,
2000; Rogers & Aharonson, 2008). With the recent arrival of NASA’s Origins, Spectral
Interpretation, Resource Identification, and Security Regolith Explorer (OSIRIS-REx) spacecraft
to asteroid (101955) Bennu, the OSIRIS-REx Thermal Emission Spectrometer (OTES) has been
providing a wealth of data to interpret using spectral modeling techniques (e.g., Hamilton et al.,
2019).
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Spectral features in the TIR that aid in identifying the materials present, are the
Christiansen feature (CF), reststrahlen bands (RB), and transparency feature (TF), whose
location and shape are functions of the complex indices of refraction (that contain real and
imaginary parts) of the material (e.g., Lyon, 1964; Conel, 1969; Salisbury & Walter, 1989;
Moersch & Christensen, 1995; Wald & Salisbury, 1995; Mustard & Hays, 1997; Hamilton,
2000). The CF occurs where there is a minimum in back-scattering as a result of the real index
of refraction of the material approaching that of the surrounding medium (air or vacuum)
(Cooper et al., 2002). This results in an emissivity maximum (Conel, 1969). In the TIR the real
part of the complex index of refraction is close to 1 for air and vacuum (Howell et al., 2020).
The RB are a consequence of stretching and vibration of Si-O bonds in silicate minerals (Hapke,
2012). Between the RB, the TF is the emissivity minimum and indicates a region of low energy
absorption (e.g., Lyon, 1964; Salisbury & Walter, 1989; Cooper et al., 2002). As particle size
decreases the TF changes in shape, position, and strength. The shape changes in symmetry, the
position of the TF shifts towards higher wavenumbers, and a higher spectral contrast is observed
(Mustard & Hays, 1997). Volume scattering occurs when a photon is reflected off a rough
surface or incoherently scattered due to passing through multiple particles in a mixture and
reflecting off of their interfaces (Ramsey & Christensen, 1998). So, light interacts with multiple
particles as opposed to surface scattering where light interacts with a single particle. Since the
CF and TF are regions of the TIR spectrum where weak energy absorption occurs volumetric
scattering between particles dominates (e.g., Salisbury & Walter, 1989; Cooper et al., 2002).
This scattering between particles intensifies as particle size decreases (e.g., Salisbury & Walter,
1989; Cooper et al., 2002). In contrast, surface scattering dominates in the RB regions of the
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TIR spectrum where the structure of the crystal lattice creates the stretching and bending
vibration modes excited by incident radiation (e.g., Hamilton, 2000).
The assumption of linearity of mixing allows for the linear least squares modeling of a
mixed spectrum if the individual spectra of the pure end members are present within a spectral
library (e.g., Ramsey & Christensen, 1998). It has been demonstrated that the model results are
more accurate when the end members have the same particle size fraction as the mixed material
(Ramsey & Christensen, 1998). In the TIR, end member spectra of coarse particulates combine
linearly due to high absorption coefficients and relatively small mean optical paths, which limits
most of the volumetric scattering (Ramsey & Christensen, 1998; Hamilton & Christensen, 2000;
Rogers & Aharonson, 2008), so it is straightforward to derive composition using a linear least
squares model (Thomson & Salisbury, 1993). Linearity in the TIR region continues as particle
size decreases until the wavelength of light approaches the particle size (Ramsey & Christensen,
1998; Hamilton & Christensen, 2000; Rogers & Aharonson, 2008). Nonlinearity (e.g.,
volumetric scattering) in the TIR region becomes a problem when the < 25 µm particle sizes
spectrally dominate (Ramsey & Christensen, 1998) since the particles become optically thin.
However, Ramsey and Christensen (1998) demonstrated that when modeling fine particulates
(10−20 µm) with a spectral library of end members at the same particle size, linear modeling
may still be used to estimate modal mineral abundances to within 5%, on average, with less than
0.1% residual errors in total emissivity. Since volumetric scattering (nonlinear behavior) occurs
in the CF and TF regions of the TIR spectrum we expect linear modeling to be less accurate in
these regions of the spectra. On the other hand, we expect linear modeling to better model the
RB regions where surface scattering dominates (linear behavior).
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In this study we investigate the effectiveness of a sum to one constraint weighted linear
least squares (STO WLS) modeling approach to estimate modal mineral abundances for
primitive asteroid analogs volumetrically and spectrally dominated by particle sizes <90 µm.
These primitive asteroid analogs included physical mixtures and meteorites described in
Donaldson Hanna et al. (2019) and are shown in the next Section, Table 2. We used a spectral
library of <90 µm particulate pure minerals to model the spectra of the primitive asteroid analogs
(Donaldson Hanna et al., 2021); in most cases these minerals are those used to make the physical
mixtures. Previous works (e.g., Ramsey & Christensen, 1998) have shown that linear modeling
can be applied to particles as small as 10 µm. We modeled the primitive asteroid analogs using
the STO WLS model over a full and limited spectral range. Our results from this investigation
have implications for the interpretation of spectral observations of primitive asteroids with
regolith spectrally dominated by <90 µm particles on their surfaces.

Data and Methods
OSIRIS-REx Blind Study Primitive Asteroid Analogs
We used emissivity spectra of a suite of physical mixtures and meteorites collected for
the OSIRIS-REx team (Donaldson Hanna et al., 2019, 2021) (see Table 2). The physical
mixtures included minerals, metals, and organics in abundances that are representative of those
in anhydrous and hydrated chondritic meteorites (Donaldson Hanna et al., 2019). Olivine was
prepared in a fine particle size fraction <38 µm and an intermediate particle size fraction 38−105
µm for the physical mixtures (Donaldson Hanna et al., 2019). Anhydrous mixtures contain 85%
by weight <38 µm olivine particles and 15% by weight 38−105 µm olivine particles with minor
phases pyroxene, plagioclase, Fe,Ni metal, troilite, organics, calcite, and phyllosilicate. The
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dominate mineral phase present in the hydrated mixtures was 50% saponite (<38 µm particle
size) and 50% lizardite (<38 µm particle size) with troilite, organics, magnetite, and calcite as the
minor phases (Donaldson Hanna et al., 2019). The meteorite samples were crushed to three
particle size fractions (<38 µm, 38 − 100 µm, and 105 − 150 µm) then combined in proportions
representative of impact-gardened regolith (mass distribution of ∼11 weight % material at 105150 µm, 22 weight % material at 38-105 µm, and 67 weight % material at <38 µm) (Donaldson
Hanna et al., 2019).

Table 2 Physical mixtures and meteorites made for the OSIRIS-REx team (Donaldson Hanna et
al., 2019). Anhydrous mixture abundances are consistent with type 3 carbonaceous chondrites
and hydrated mixture abundances are consistent with partially to extensively hydrated type 1
and 2 carbonaceous chondrites (Donaldson Hanna et al., 2019).
Mixture Type

Mixture Names

Anhydrous

Bruce, Tony, Natasha, Bucky, Selina

Hydrated

Steve, Clint, Peggy, Wanda, Nick

Meteorites (type)

Allende (CV3𝑂𝑥𝐴 ), Farmington (L5-shock
blackened), Murchison (CM2), MIL 090001
(CR2), ALH83100 (CM1/2), Orgueil (CI),
Vigarano (CV3𝑟𝑒𝑑 )

83

Spectral Library
To model spectra of the anhydrous mixtures, hydrated mixtures, and meteorites collected
under ambient conditions, we used a spectral library including spectra of <90 µm particle size
end members presented in Table 3 (Donaldson Hanna et al., 2021. An important point we want
to emphasize about the minerals in Table 3 is that these are most of the same materials used to
make the physical mixtures in Table 2. Exceptions are the lizardite and albite end members,
which were sourced from different minerals than those that went into the mixtures. The physical
mixture and meteorite SAE spectra were modeled using the same minerals in Table 3 only
measured under SAE with the exception of albite which has yet to be measured under SAE
conditions. We also added a blackbody end member to the spectral library which is an end
member with an emissivity of one at every wavenumber (Hamilton et al., 1997). The inclusion
of a blackbody end member allows the STO WLS model to reduce the spectral contrast evenly
over the spectrum to account for differences in spectral band depth between end members and is
the standard to date (e.g., Hamilton et al., 1997; Feely & Christensen, 1999; Michalski et al.,
2005; Ruff et al., 2006; Rogers & Aharonson, 2008). We had some missing components present
in the physical mixtures and meteorites that were not included in our spectral library; for the
anhydrous and hydrated mixtures the mixture components absent from the end member library
were Fe-Ni metal and organics. Additionally, the spectral library had many missing components
that are often found in chondritic meteorites investigated here (e.g., phosphate, chromite, metal,
and gypsum) (Donaldson Hanna et al., 2019). These missing components are commonly found
in low quantity (<2% volume) in the meteorites and are likely not contributing significantly to
the spectra (the uncertainty in the STO WLS model is 5% (Ramsey & Christensen, 1998)).
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However, the phyllosilicate components included in our spectral library are terrestrial, so they
are not like the extraterrestrial phyllosilicates found in our chondritic meteorites. It has been
shown that the extraterrestrial phyllosilicates from carbonaceous chondrites are not well matched
spectrally by terrestrial samples (Zaikowski, 1979; Beck et al., 2010, 2014). Specifically, Beck
et al. (2010) showed that spectral differences between extraterrestrial and terrestrial
phyllosilicates are related to a change in chemistry from Fe-rich to Mg-rich due to dehydration
from heating. In the TIR this affects the 1000 cm−1 band region of the phyllosilicate spectrum
(Beck et al., 2010).

Table 3 Mineral end members, particle size, and source from Donaldson Hanna et al. (2021)
used in our spectral library. ∗Note that albite and lizardite are not from Donaldson Hanna et al.
(2021). The albite spectrum is published in Donaldson Hanna et al. (2012a) and Donaldson
Hanna et al. (2012b).
Mineral

Particle size

Source

albite∗

<25 µm

Unknown

lizardite∗

<45 µm

Snarum, Norway

spinel

<45 µm

Ward’s Minerals

augite

<90 µm

Kakanui, New Zealand

calcite

<90 µm

New Mexico, USA

cronstedtite

<90 µm

magnetite

<90 µm

Minas Gerais, Brazil

olivine

<90 µm

San Carlos, Arizona, USA

orthopyroxene

<90 µm

Johnstown Meteorite

pyrrhotite

<90 µm

Santa Eulalia, Chihuahua, Mexico

saponite

<90 µm

Mono Lake, California, USA

troilite

<90 µm

Mundrabilla Meteorite

Genrode, Harz Mountains, Saxony, Germany
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Sum to One Constraint Weighted Least Squares Model
We modeled the mixture and meteorite spectra using a sum to one constraint weighted
least squares sum to one constraint (STO WLS) model to determine end member abundances.
This model is based on previous linear least squares models (e.g., Ramsey & Christensen, 1998;
Hamilton & Christensen, 2000; Rogers & Aharonson, 2008). It rests on the presumption that
individual end members combine linearly to produce the mixture spectrum in proportion to their
areal fractions (Ramsey & Christensen, 1998) as we observe in the following expression for the
mixture spectrum ϵ(λ)mix,

𝜂

𝜖(𝜆)𝑚𝑖𝑥 = ∑𝑖=1 𝜁𝑖 𝜖(𝜆)𝑖 + 𝛿(𝜆),

(5)

where η is the number of isothermal end members and ζi gives the areal fraction of the ith end
member 𝜖(𝜆)𝑖 (Sabol et al., 1992; Ramsey & Christensen, 1998). The second term on the righthand side of Equation (5) is the residual error δ(λ), which is the difference between the computed
model emissivity and the mixture emissivity at each wavenumber (Ramsey & Christensen,
1998).
Equation (5) represents an overdetermined system where there are hundreds of equations
(the emissivity measured at each wavenumber) and only several unknowns (the end member
abundances). This problem cannot be solved analytically so instead we minimize the residual
error to obtain an approximate solution using chi-square minimization (Ramsey & Christensen,
1998; Press et al., 2007). The end member abundances are parameters computed by the WLS
model to minimize the chi-square value. In dealing with a large system of equations we used the
matrix form of the chi-square minimization formula, based on Ramsey and Christensen (1998),
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with the inclusion of weights or measurement errors of each spectrum provided as input. A
detailed description of the measurement errors and uncertainties in the lab measurements are
provided in Donaldson Hanna et al. (2021). The formula for the matrix form of the chi-square
formula (where T indicates the transpose of the matrix) is given by

−1

[𝜁]𝜂 = ([𝛸]𝑇(𝜂,𝑚) [𝑊](𝑚,𝑚) [𝛸](𝑚,𝜂) ) [𝛸]𝑇(𝜂,𝑚) [𝑊](𝑚,𝑚) [𝑈]𝑚 .

(6)

The solution to Equation (6) is represented by the column matrix [𝜁]𝜂 with η end member
abundances. An important assumption of Equation (6) is that every row of the end member
emissivities matrix [𝑋](𝑚,𝜂) is a linear combination of the emissivities given by the mixture
spectrum [𝑈]𝑚 where 𝑚 is the number of wavenumbers. The “weighted” part of the weighted
least squares come from the weights 𝑤𝑖 = 1/𝜎𝑖2 (diagonal terms of the matrix [𝑊](𝑚,𝑚) that
multiply the residuals where the variance 𝜎𝑖 is the known uncertainty of the measured spectrum.
The weights ensure that more precise (lower uncertainty) portions of the mixture spectrum are
weighted more heavily in the modeling than less precise (higher uncertainty) regions to obtain
the optimal mathematical fit. The weights refer to the uncertainty of the measured spectrum
provided in Donaldson Hanna et al. (2021).
We implemented a modified version of WLS, based on the model by Heinz and Chang
(2001), where Equation (5) is subject to the constraint that the abundances of end members must
𝜂

sum to one or ∑𝑖=1 𝜁𝑖 = 1.0. We make this assumption since it is true for actual rocks and
regolith on a planet’s surface. For the matrix equations to compute abundances for the sum to
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one constraint weighted least squares (STO WLS) we refer the reader to Equations (8) and (9)
from Heinz and Chang (2001).
To evaluate the success of all our model fits, we computed the root-mean-square (RMS)
error. It quantifies the “goodness of fit” for a single model iteration and is given by

𝑅𝑀𝑆 = √∑𝑚
𝑗=1

𝛿(𝜆)2𝑗
𝑚

,

(7)

where 𝑚 is the number of wavenumbers, and 𝛿(𝜆) is the residual error (difference between
modeled and measured spectrum). The RMS error is simply the standard deviation of the
residual error and can range from 0 and 1. There is no standard value for “good” or “bad” RMS
error so we must use the RMS error comparatively; a smaller RMS error corresponds to lower
residual errors and a higher RMS error is due to higher residual errors. Note that it is only valid
to compare RMS errors of a single mixed spectrum over the same wavenumber range. A higher
residual error in a spectrum may indicate: (i) an unmodeled absorption feature that may not be
present in the end members spectral library, (ii) nonlinear behavior at certain wavenumbers, or
that (iii) we are missing a mineral in our spectral library (Ramsey & Christensen, 1998).
As a further analysis of model fit, we computed the abundance uncertainties which are
the variances between the abundances found by taking the square-root of the diagonal terms of
the covariance matrix [C](η,η) calculated from the following equation (compare to Equation (2)):

−1

[𝐶](𝜂,𝜂) = ([𝛸]𝑇 (𝜂,𝑚) [𝑊](𝑚,𝑚) [𝛸](𝑚,𝜂) )

(8)
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Prior to modeling spectra using the STO WLS model (Equation (6) in this work), the
matrix form of Equations (8) and (9) from Heinz and Chang (2001) were coded and tested for
accuracy in Python (see Appendix H Python code for details). Additionally, the code performs a
check for negative end member abundances after the first computation of [𝜁]𝜂 from Equation (6).
If any negative abundances exist in the abundances matrix [𝜁]𝜂 , implying a negative end member
abundance, then the end member(s) were removed so that the dimensions of the matrices in
Equations (6) and (8) become 𝜂 − 𝑘 (where k is the number of negative mineral abundances) and
the model was then recalculated. Negative mineral abundances were removed because there are
no negative mineral abundances in nature. The process of removing negative abundances was
repeated and model recalculated until the computed abundances were all greater than or equal to
zero. It is important to note that the presence of additional end members can result in other
mineral abundances computed as negative, which are then removed. So, the presence of an
additional end member such as the blackbody may alter the computed abundances even if the
additional end member is not selected (e.g., computed negative or zero in the next iteration).
This is one of the disadvantages of the linear model.
In this study we modeled spectra over the full spectral range and a limited spectral range
with the purpose of testing to see if there was any improvement in the model fit when we restrict
the wavenumber range to the RB region where surface scattering dominates. The
interferometer’s beam splitter, which measured these spectra, has low transmission in the region
from approximately 630-580 cm−1 (Donaldson Hanna et al., 2021) so this portion of the
spectrum has a low signal-to-noise ratio. Therefore, this region was not included when the
model was run over the full spectral range.
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Results
In this section we show results using the STO WLS model across the full spectral range
from 2000 to 200 cm−1 (5 to 50 µm) and a limited spectral range from 1050 to 800 cm−1 (∼9.5
µm to 12.5 µm). We show detailed results for one of each type of mixture and meteorite
(anhydrous, hydrated both ambient and SAE) in the following subsections. We also show a
comparison plot of an anhydrous and hydrated mixture spectra with the spectrum of the
volumetrically dominant phase in the detailed results.
Note that in all the figures in this section, the uncertainties in the lab measurements are
plotted, but are sometimes smaller than the width of the line. In the bottom panel of our figures,
we plot the residual error (the difference between model and lab spectra). Following these
figures, we provide tables to show the true (from Donaldson Hanna et al., 2019), modeled, and
blackbody-normalized end member abundances and their uncertainties (all in volume %)
calculated by the STO WLS model along with the RMS error. Note the entire spectral library
(Table 3) was used for the modeling but we only show results in the tables for end members: i)
present in the mixtures and meteorites, or ii) used in the model fitting (e.g., if an end member
abundance is computed by the models to be 0% and it is not present in the mixture or meteorite
then we do not show it in the tables except for the blackbody end member). At the end of this
section a summary table shows the overall average RMS errors for all mixtures and meteorites
modeled over the full and limited spectral ranges.
Ambient Anhydrous Mixtures: Full Spectral Range
Natasha is one of the anhydrous mixtures, volumetrically dominated by olivine, from the
OSIRIS-REx blind study (see Table 2 for mixture types and names) and the result of the STO
90

WLS model is shown in Figure 20 and Table 4. While the model fit has low residual errors
across much of the spectrum, the end member abundances computed by the model shown in
Table 4 do not agree with the true mineral abundances in the Natasha mixture (Donaldson Hanna
et al., 2019). We find that olivine, is underestimated by 22.5±0.1%, and minor phases present in
the mixture (e.g., albite, augite, saponite, troilite, and enstatite) are generally not modeled
(Donaldson Hanna et al., 2019). Phases not present in the mixture were modeled (e.g.,
41.0±0.5% saponite, 10.0±0.2% spinel, and 5.0±0.1% calcite) to provide the best mathematical
fit. Comparing the Natasha spectrum to the <90 µm San Carlos olivine (Figure 20, plot a) we see
a poor fit near ∼1100, 900, 750, 600, 500, 400, and 200 cm−1 and in the model fit these areas
show higher residual errors (Figure 20, plot b); where we see differences between the Natasha
and San Carlos olivine spectrum is due to minor constituents that are present in Natasha not
being selected by the model but they are contributing to the spectrum. In Figure 20, plot b the
lowest residual error was seen near the CF ∼ 1500−1150 cm−1. At higher frequencies relative to
the CF, where volume scattering dominates, near ∼ 2000−1500 cm−1 we observed higher residual
errors. Similarly, we saw higher residual errors near the RB (surface scattering dominates) and
TF regions (volume scattering dominates) ∼ 1150 − 200 cm−1.
For the remaining ambient anhydrous mixtures, olivine is underestimated by 10.4±0.0%
on average (Table 17 in Appendix C Ambient Anhydrous Mixtures). Typically the minor phases
present in the ambient anhydrous mixtures were not modeled. Similar to Natasha, phases not
present in the mixtures were modeled (e.g., on average 25.0±0.1% spinel and 1.2±0.0% calcite)
to provide the best mathematical fit. The region at higher frequencies relative to the CF near ∼
2000 − 1250 cm−1 where volume scattering occurs showed higher residual errors (Figure 36 in
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Appendix C Ambient Anhydrous Mixtures). However, in the region ∼ 1250 − 250 cm−1 there is
a lower residual error in an area of both surface and volume scattering at the RB and TF.

Figure 20 Plot a shows the ambient anhydrous mixture Natasha spectrum plotted against the
ambient <90 µm San Carlos olivine spectrum, which is offset for clarity. Plot b shows the
modeling of Natasha over the full spectral range.

Table 4 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for ambient anhydrous mixture Natasha modeled using STO WLS with blackbody
end member over the full spectral range corresponding to the plots in Figure 20.
End member

True

Modeled

Normalized

olivine
albite
augite
troilite
enstatite
saponite
blackbody
spinel
calcite

66.5
9.5
8.0
4.8
1.0
0.0
0.0
0.0
0.0

32.0±0.1
0.0
0.0
0.0
0.0
30.0±0.4
27.0±0.2
7.0±0.1
4.0±0.0

44.0±0.2
0.0
0.0
0.0
0.0
41.0±0.5
0.0
10.0±0.2
5.0±0.1

RMS error

1.5×10−2
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Ambient Anhydrous Mixtures: Limited Spectral Range
The results for Natasha modeled over the limited spectral range are shown in Figure 21
and the resulting modeled abundances in Table 5. The modeled spectrum shows low residuals
across the limited spectral range. Similar to the full spectral range, olivine was underestimated
by 21.5±0.2% and minor phases present in the Natasha mixture (e.g., albite, augite, saponite,
troilite, and enstatite) were generally not modeled (Donaldson Hanna et al., 2019. In order to
obtain the best mathematical fit, an abundance of 55.0±0.4% pyrrhotite which is not present in
the Natasha mixture was modeled. Figure 21, plot a shows the Natasha spectrum plotted against
the <90 µm San Carlos olivine spectrum where differences are observed around ∼ 950 and 825
cm−1. These differences or higher residual areas between spectra in Figure 21, plot b result from
the model not selecting minor phases present in the Natasha mixture; however, the minor phases
still contribute to the spectrum. Compared to the full spectral range, the residual errors improved
when fitting over the surface scattering-dominated region although the modeled abundances did
not improve.
For the other ambient anhydrous mixtures, olivine is underestimated, on average, by
22.6±0.2% (Table 18 in Appendix C Ambient Anhydrous Mixtures). Pyrrhotite, which is not
present in the mixtures, was modeled with an average abundance of 52.4±0.5% to achieve the
best mathematical fit. Similar to Natasha, the limited spectral range showed an improvement in
residual errors for all mixtures compared to the full spectral range due to restriction of the
modeling to the RB region where surface scattering dominates. Figure 21, plot a shows the
major phase San Carlos olivine spectrum where differences are observed between the anhydrous
spectra (Figure 37 in Appendix C Ambient Anhydrous Mixtures) and the near 1050, 950, 840
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and 800 cm−1. Within the RB region we saw that near 1050, 950, 840 cm−1, and 800 cm−1 there
are higher residual errors in those areas compared to other regions of the spectra (Figure 37 in
Appendix C Ambient Anhydrous Mixtures) due to the model not selecting minor phases present
in the mixtures that are contributing to the spectral signature.

Figure 21 Plot a shows the ambient anhydrous mixture Natasha spectrum plotted against the
ambient <90 µm San Carlos olivine spectrum offset for clarity. Plot b shows the modeling of
Natasha over the limited spectral range.
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Table 5 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) abundances for
ambient anhydrous mixture Natasha modeled using STO WLS with blackbody end member over
the limited spectral range corresponding to the plots in Figure 21.
End member

True

Modeled

Normalized

olivine

66.5

45.0±0.4

45.0±0.4

9.5
8.0
4.8
1.0
0.0
0.0

0.0
0.0
0.0
0.0
55.0±0.4
0.0

0.0
0.0
0.0
0.0
55.0±0.4
0.0

albite
augite
troilite
enstatite
pyrrhotite
blackbody
RMS error

4.6×10−3

SAE Anhydrous Mixtures: Full Spectral Range
The model fit to the SAE Natasha spectrum and modeled abundances are shown in Figure
22 and Table 6. Olivine was underestimated by 15.5±0.1%, and compared to the ambient
spectrum, is improved. Minor phases present in the Natasha mixture (e.g., albite, augite, troilite,
and enstatite) were not used by the model. Differences were observed between the Natasha
spectrum and the <90 µm San Carlos olivine spectrum (Figure 22, plot a) near 900, 800, 600,
500, and 400 cm−1 as a result of the model not selecting the minor phases present in the Natasha
mixture that are contributing to the modeled spectrum (Figure 22, plot b).
Similarly, for the other SAE anhydrous mixtures we see that there are higher residual
errors across the entire spectral range. Olivine was underestimated by 14.4±0.1%, on average,
similar to the ambient mixtures in the full spectral range. Minor phases present in the SAE
anhydrous mixtures (e.g., albite, augite, troilite, enstatite, calcite, and saponite) were not
95

modeled. However, phases not present in the mixtures were modeled (e.g., on average
24.8±0.5% cronstedtite, 10.8±0.2% saponite, and 5.0±0.1% spinel) to obtain the best
mathematical fit (Table 19 in Appendix D SAE Anhydrous Mixtures).
For the remaining anhydrous SAE spectra in Figure 38 in Appendix D SAE Anhydrous
Mixtures, mixtures containing a larger amount of the spectrally dominant mineral phase, olivine,
showed lower residual errors. For example, the Bruce spectrum showed the lowest overall
residual errors of all the SAE anhydrous mixture spectra (Figure 38 in Appendix D SAE
Anhydrous Mixtures) and it contains the highest amount of the spectrally dominant mineral
phase. Additional SAE spectra, such as Tony, Natasha, and Bucky contain less of the major
phase olivine compared to Bruce, but more than Selina. In contrast to the Bruce mixture, the
Selina mixture contains the least amount of olivine and it had the highest overall residual errors.

Figure 22 Plot a shows the SAE anhydrous mixture Natasha spectrum plotted against the SAE
<90 µm San Carlos olivine spectrum offset for clarity. Plot b shows the modeling of Natasha
over the full spectral range.
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Table 6 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) abundances for SAE
anhydrous mixture Natasha modeled using STO WLS with blackbody end member over the full
spectral range corresponding to the plots in Figure 22.
End member
olivine
albite
augite
saponite
troilite
enstatite
blackbody
RMS error

True
66.5
9.5
8.0
5.0
4.8
1.0
0.0
1.8×10−2

Modeled

Normalized

21.0±0.1
0.0
0.0
20.0±0.2
0.0
0.0
59.0±0.2

51.0±0.2
0.0
0.0
49.0±0.4
0.0
0.0
0.0

SAE Anhydrous Mixtures: Limited Spectral Range
The model spectral fit is shown in Figure 23 and Table 7 for the SAE Natasha mixture.
In contrast to the full spectral range, the model overestimated olivine more by 33.5±0.6%. But
similar to the full spectra range, the model did not fit the minor phases present (e.g., albite,
augite, troilite, and enstatite). We observed in Figure 23, plot a, the <90 µm San Carlos olivine
spectrum does not match the Natasha spectrum well around 950, 875, and 800 cm−1 resulting in
higher residual errors in the model fit (Figure 23, plot b). These errors are from the model not
choosing the minor constituents present in the Natasha mixture which are contributing to the
spectrum.
For the remaining SAE anhydrous mixtures, olivine was overestimated, on average, by
34.2±0.7% (Table 20 in Appendix D SAE Anhydrous Mixtures). Olivine is more overestimated
than the full spectral range. In general, minor phases present in the SAE anhydrous mixtures
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(e.g., albite, augite, troilite, enstatite, calcite, and saponite) were not modeled. Similar to
Natasha, the SAE anhydrous mixtures show higher residual errors near ∼ 950, 875, and 800 cm−1
due to differences between the <90 µm San Carlos olivine (Figure 23, plot a) and the anhydrous
spectra (Figure 39 in Appendix D SAE Anhydrous Mixtures). Higher residuals in these portions
of the spectra are due to the model not choosing the minor phases contained in the mixtures that
are making up the mixture spectrum.

Figure 23 Plot a shows the SAE anhydrous mixture Natasha spectrum plotted against the SAE
<90 µm San Carlos olivine spectrum offset for clarity. Plot b shows the STO WLS modeling of
Natasha over the limited spectral range.
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Table 7 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for SAE anhydrous mixture Natasha modeled using STO WLS over the limited
spectral range corresponding to the plots in Figure 23.
End member

True

Modeled

Normalized

olivine
albite
augite
saponite
troilite
enstatite
blackbody
RMS error

66.5
9.5
8.0
5.0
4.8
1.0
0.0

32.0±0.6
0.0
0.0
0.0
0.0
0.0
68.0±0.5

100.0±1.1
0.0
0.0
0.0
0.0
0.0
0.0

6.9×10−3

Ambient Hydrated Mixtures: Full Spectral Range
The model fit and computed abundances for the ambient hydrated mixture Steve are
found in Figure 24 and Table 8 (see Table 2 for mixture types and names). Phyllosilicate is the
volumetrically dominant phase in the hydrated mixtures (50 weight % saponite and 50 weight %
lizardite). The model underestimated the phyllosilicate content in the Steve mixture by
26.0±0.2%. Minor phases present in Steve (e.g., magnetite and troilite) were not modeled, and to
obtain a better mathematical fit, phases that are not part of the Steve mixture were used in the
model fitting (e.g., 25.0±0.2% cronstedtite, 6.0±0.1% spinel, and 4.0±0.2% augite). The TF near
800 cm−1 is not fit well by the <90 µm saponite and <45 µm lizardite spectra (Figure 24, plot a)
leading to higher residual errors in the model fit (Figure 24, plot b). Higher residual error
portions of the spectrum resulted from the model not selecting minor phases that are present in
the Steve mixture but they are contributing to the spectrum.
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Phyllosilicate (50 weight % saponite and 50 weight % lizardite) is underestimated by
20.2±0.1%, on average, when modeling the remaining ambient hydrated mixtures (Table 21 in
Appendix E Ambient Hydrated Mixtures). We observed, that similar to the anhydrous mixtures,
the minor phases present in the mixtures (e.g., magnetite, troilite, and calcite) were typically not
modeled while phases not present in the hydrated mixtures were used by the STO WLS model
(e.g., on average 24.4±0.1% cronstedtite, 7.4±0.0% spinel, 0.8±0.0% augite, and 0.6±0.0%
olivine) to improve the fit. Higher residual errors were observed in volume scattering areas of
the spectrum at higher frequencies relative to the CF near ∼ 2000− 1600 cm−1, and the TF ∼ 800
cm−1. Also, similar to Steve the RB region ∼ 250 cm−1 showed a higher residual error near ∼
250 cm−1 where surface scattering occurs (Figure 40 in Appendix E Ambient Hydrated
Mixtures). Again, the higher residuals in these portions of the spectrum also resulted from the
model failing to fit minor constituents present in the mixtures; however, the minor phases are
contributing to the mixture spectra.

Figure 24 Plot a shows the ambient, hydrated mixture Steve spectrum plotted against the
ambient <45 µm lizardite and <90 µm saponite spectra offset for clarity. Plot b shows the
modeling of Steve over the full spectral range.
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Table 8 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for ambient mixture Steve modeled using STO WLS over the full spectral range
corresponding to Figure 24.
End
True
member
lizardite
45.0
saponite
45.0
magnetite
5.0
troilite
5.0
blackbody
0.0
cronstedtite
0.0
augite
0.0
spinel
0.0
RMS error 4.7×10−3

Modeled Normalized
28.0±0.1
36.0±0.1
21.0±0.3
27.0±0.3
0.0 0.0
0.0 0.0
21.0±0.2 0.0
16.0±0.2
20.0±0.1
9.0±0.2
12.0±0.1
4.0±0.1
4.0±0.1

Ambient Hydrated Mixtures: Limited Spectral Range
The end member abundances computed by the STO WLS model for ambient hydrated
mixture Steve over a limited spectral range are shown in Table 9 and corresponding model fit in
Figure 25. Saponite is underestimated by 22.0±2.3%, similar to the full spectral range, and
lizardite was not modeled even though the true abundance of lizardite in Steve is 45%. As
observed in all of the previous results, minor phases present in the Steve mixture (e.g., magnetite
and troilite) were not modeled and phases not found in the mixture were modeled (e.g.,
30.0±1.9% spinel, 13.0±0.5% albite, 7.0±% pyrrhotite, and 7.0±0.7% enstatite). Comparing the
Steve spectrum to the <45 µm lizardite and <90 µm saponite (Figure 25, plot a), we observed
differences between these spectra and the Steve spectrum especially near 1025, 925, and 850
cm−1. These differences translate into higher residual errors in the model fit (Figure 25 , plot b)
101

and arise from the model not fitting minor phases present in the mixture that are contributing to
the mixture spectrum. Another likely contributor to poor model fit is that the RB region of the
spectrum does not have many diagnostic spectral features and they are low in spectral contrast.
When modeling the other ambient hydrated mixtures the major phases are
underestimated, on average, by 62.4±1.5% which is more underestimated compared to the full
spectral range (Table 22 in Appendix E Ambient Hydrated Mixtures). Phases representing a
minor portion of the mixtures (e.g., magnetite, troilite, and calcite) were not generally modeled
and those not present in the mixtures (e.g., on average 29.4±0.9% spinel, 15.0±0.3% albite,
7.4±0.3% enstatite, 6.0±0.2% pyrrhotite, and 0.6±0.2% cronstedtite) were modeled. Similar to
the Steve mixture, the highest residual errors were seen near ∼1025, 925, and 850 cm−1 (Figure
41 in Appendix E Ambient Hydrated Mixtures) which we attribute to the model not fitting minor
constituents present in the mixtures. The residuals are lower for the limited spectral range, but
the abundances are not improved from the full spectral range.

Figure 25 Plot a shows the ambient hydrated mixture Steve spectrum plotted against the <45
µm lizardite and <90 µm saponite offset for clarity. Plot b shows the modeling of Steve over the
limited spectral range.
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Table 9 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for ambient hydrated mixture Steve modeled using STO WLS over the limited
spectral range corresponding to Figure 25.
End member
lizardite
saponite
magnetite
troilite
spinel
albite
enstatite
cronstedtite
blackbody
RMS error

True
45.0
45.0
5.0
5.0
0.0
0.0
0.0
0.0
0.0
1.3×10−3

Modeled

Normalized

0.0
23.0±4.6
24.0±7.3
0.0
33.0±2.7
12.0±7.0
6.0±7.0
2.0±0.6
0.0

0.0
23.0±4.6
24.0±7.3
0.0
33.0±2.7
12.0±7.0
6.0±0.7
2.0±0.6
0.0

SAE Hydrated Mixtures: Full Spectral Range
The model fit and abundance results for the SAE Steve mixture spectrum are shown in
Figure 26 and Table 10. The dominant phases were underestimated by the model by 61.0±0.3%.
Phases in lower abundance, that are present in the mixture (e.g., magnetite and troilite), were
typically not modeled. Also, phases not present in the mixture were modeled (e.g., 27.0±0.5%
cronstedtite, 8.0±0.2% spinel, 19.0±0.4% augite, 4.0±0.2% olivine, and 1.0±0.1% enstatite). In
contrast to the ambient results, where lizardite was not selected by the model, a larger abundance
of lizardite was fit compared to the other major phase, saponite (Table 10). The Steve spectrum
is shown in comparison to the < 45 µm lizardite and < 90 µm saponite spectra in Figure 26, plot
a. The minor constituents present in the Steve spectrum are not being selected by the model and
this is leading to higher residual errors (Figure 26, plot b). Lower residual errors were observed
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over the TF ∼1250-800 cm−1 and RB ∼600-250 cm−1 regions of the spectrum and higher residual
errors at higher frequencies relative to the CF and at the CF (Figure 26, plot b).
For the other SAE hydrated mixtures, lizardite and saponite were underestimated by
48.6±0.3%, on average (Table 23 in Appendix F SAE Hydrated Mixtures). Minor phases present
in the mixtures (e.g., magnetite, troilite, calcite, olivine) were not modeled and phases not
present in the SAE hydrated mixtures (e.g., on average 26.2±0.3% cronstedtite, 18.2±0.2%
augite, 8.6±0.1% spinel, and 0.6±0.0% olivine) were modeled. Like Steve, the other SAE
hydrated mixtures modeled more lizardite than saponite. Similar to the Steve model fit, higher
residual errors were observed over volume scattering areas of the spectrum (
Figure 42 in Appendix F SAE Hydrated Mixtures) at higher frequencies relative to the CF and at
the CF. Also, lower residual errors were seen over the RB where surface scattering occurs.

Figure 26 Plot a shows the SAE hydrated mixture Steve spectrum plotted against the <45 µm
lizardite and <90 µm saponite offset for clarity. Plot b shows the modeling of Steve over the
limited spectral range.
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Table 10 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for SAE mixture Steve modeled using STO WLS over the full spectral range
corresponding to Figure 26.
End member
lizardite
saponite
magnetite
troilite
blackbody
cronstedtite
augite
spinel
RMS error

True
45.0
45.0
5.0
5.0
0.0
0.0
0.0
0.0
9.4×10−3

Modeled

Normalized

13.0±0.3
9.0±0.5
0.0
0.0
46.0±0.5
20.0±0.5
6.0±0.3
6.0±0.2

25.0±0.2
17.0±0.1
0.0
0.0
0.0
37.0±0.3
10.0±0.2
11.0±0.1

SAE Hydrated Mixtures: Limited Spectral Range
The end member abundances computed by the model for the SAE Steve mixture are
found in Table 11 and the model fit in Figure 27. The major phase was underestimated by
7.0±0.9% and modeled abundances were more accurate, which is an improvement from the full
spectral range. Also, the residual errors were lower across the spectrum compared to the full
spectral range. Cronstedtite, a phase not present in the Steve mixture, was modeled in an
abundance of 17.0±1.5%. Mineral phases present in the Steve mixture in low abundance (e.g.,
magnetite and troilite) were not modeled. Figure 27, plot a, shows the Steve spectrum compared
to the saponite spectrum (lizardite was not selected by the model). Since saponite lacks distinct
spectral features over the RB region (Figure 27, plot a) the model fit a large abundance of
saponite with overall low residual errors except near 825-800 cm−1 (Figure 27, plot b). The area
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from 825-800 cm−1 is where the Steve spectrum increases rapidly in effective emissivity but the
saponite spectrum continues to remain spectrally flat (Figure 27, plot a). The higher residual
error portions of the spectrum are due to the model not selecting major (lizardite) and minor
phases present in the Steve mixture.
For the remaining SAE hydrated mixtures saponite and lizardite were overestimated, on
average, by 3.4±0.9% which is an improvement from the full spectral range (Table 24 in
Appendix F SAE Hydrated Mixtures). Phases representing a low abundance in the mixtures
(e.g., magnetite, troilite, calcite, and olivine) were typically not modeled, and phases not present
in the hydrated mixtures (e.g., on average 11.0±0.8% cronstedtite) were selected in the model
fitting. Similar to Steve: (i) the model fit a large abundance of saponite and did not fit lizardite,
(ii) the residuals were low over the entire spectral range, and (iii) the region ∼825-800 cm−1
showed higher residuals compared to other portions of the spectra (Figure 43 in Appendix F SAE
Hydrated Mixtures), and (iii) the higher residuals are a result of the model not fitting lower
abundance phases present in the hydrated mixtures that are contributing to the spectra.
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Figure 27 Plot a shows the SAE hydrated mixture Steve spectrum plotted against the SAE<45
µm lizardite and <90 µm saponite spectra offset for clarity. Plot b shows the modeling of Steve
over the limited spectral range.

Table 11 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for SAE mixture Steve modeled using STO WLS over the limited spectral range
corresponding to Figure 27.
End member
lizardite
saponite
magnetite
troilite
blackbody
cronstedtite
RMS error

True
45.0
45.0
5.0
5.0
0.0
0.0
1.5×10−3

Modeled

Normalized

0.0
45.0±1.0
0.0
0.0
45.0±1.4
9.0±0.9

0.0
83.0±2.0
0.0
0.0
0.0
17.0±1.5

Ambient Meteorites: Full Spectral Range
Model fit and corresponding abundances for the ambient meteorites (hydrated and
anhydrous) over the full spectral range are found in Figure 28, Figure 29 and Table 12. Note,
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regarding the phyllosilicate phase in the hydrated meteorites, the type of phyllosilicate present in
the meteorites were not uniquely identified from the X-ray diffraction (XRD) analysis (see
Donaldson Hanna et al., 2019, Table 5). Therefore, the remaining tables show phyllosilicate in
the first line with the total abundance of phyllosilicates in the true abundances column.
Phyllosilicate phases saponite and cronstedtite were end members in our spectral library, but they
are not the only possible phyllosilicates present in the meteorites (see Table 12). Furthermore,
they are not the extraterrestrial end members from the actual meteorites themselves, but they are
terrestrial phyllosilicates that are unlike extraterrestrial minerals.
Hydrated Meteorites
The model fit for the Murchison meteorite spectrum (Figure 28) showed the highest
residual error in the volume scattering region of the TF near ∼800 cm−1, but has lower residuals
across most of the spectrum. The remaining hydrated meteorites, MIL 090001 and Orgueil, also
showed lower residuals across their spectra with higher residuals in volume scattering portions of
the spectra. Compared to the other meteorites, Murchison showed the lowest residual errors and
MIL 090001 had the highest. MIL 090001 likely had higher errors since the model did not fit
many of the major phases present. The volumetrically dominant phase in the hydrated
meteorites, phyllosilicate, was underestimated on average, by 44.0±0.3% (Table 12). The minor
phases present in the hydrated meteorites were generally not modeled (e.g., enstatite, magnetite,
calcite, pyrrhotite, and troilite). However, phases not present were modeled (e.g., on average
38.5±0.2% cronstedtite, 16.0±0.1% spinel, and augite 14.0±0.1%).
Anhydrous Meteorites
The Allende and Farmington spectra both showed a poorer model fit or higher residual
errors (Figure 29 ) at higher frequencies relative to the CF where volume scattering is present
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and at the CF. Also, there were higher residual errors observed in the volume scattering TF
region near ∼750 cm−1. In comparing the Allende and Farmington model fits, they both had
similar residual errors which may be from the model selecting to fit the major phase olivine. The
slightly lower residual errors in the Farmington fit are probably due to the model fitting an
amount of olivine closer to the true abundance of olivine present in the Farmington meteorite;
the modeled abundance of olivine in Allende was overestimated by ∼35%. For all of the
anhydrous meteorites the volumetrically dominant phase, olivine, was underestimated, on
average, by 37.8±0.1% (Table 12). The minor phases present in the anhydrous meteorites were
not modeled (e.g., troilite, pyrrhotite, enstatite, and augite), but phases not present were modeled
(e.g., 23.5±0.1% spinel, 18.0±0.2% cronstedtite, and 6.0±0.0% calcite).
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Figure 28 Linear modeling of ambient hydrated meteorites over the full spectral range using
STO WLS with a blackbody end member. These plots correspond to the abundance results in
Table 12.
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Figure 29 Linear modeling of ambient anhydrous meteorites over the full spectral range using
STO WLS with a blackbody end member. These plots correspond to the modeled abundances
shown in Table 12.

Table 12 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for ambient hydrated (top section) and anhydrous (bottom section) meteorites
modeled over the full spectral range.
Hydrated Meteorites
Murchison

Murchison RMS error
MIL 090001

End member
Phyllosilicate
Saponite (phyllo.)
Cronstedtite (phyllo.)
Olivine
Augite
Enstatite
Magnetite
Calcite
Pyrrhotite
Troilite
Blackbody
Spinel
3.3 × 10−3

True
76.2
−
−
11.3
4.0
4.0
1.5
0.8
0.5
0.5
0.0
0.0

Modeled
−
6.0 ± 0.9
12.0 ± 0.6
6.0 ± 0.3
0.0
0.0
0.0
0.0
0.0
0.0
66.0 ± 0.6
3.0 ± 0.3

Normalized
−
18.0 ± 1.1
37.0 ± 0.7
17.0 ± 0.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
10.0 ± 0.3

Phyllosilicate
Saponite (phyllo.)
Cronstedtite (phyllo.)
Olivine
Enstatite
Augite

25.9
−
−
23.0
12.4
12.4

−
0.0
16.0 ± 0.1
11.0 ± 0.1
0.0
11.0 ± 0.1

−
0.0
31.0 ± 0.1
21.0 ± 0.1
0.0
21.0 ± 0.1
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Calcite
Magnetite
Pyrrhotite
Troilite
Blackbody
Spinel
MIL 090001 RMS error 5.9 × 10−3

2.9
2.1
1.8
1.8
0.0
0.0

0.0
0.0
0.0
0.0
48.0 ± 0.1
14.0 ± 0.1

0.0
0.0
0.0
0.0
0.0
27.0 ± 0.1

Orgueil

Phyllosilicate
Saponite (phyllo.)
Cronstedtite (phyllo.)
Magnetite
Olivine
Pyrrhotite
Troilite
Calcite
Blackbody
Augite
3.7 × 10−3

79.1
−
−
6.9
4.1
1.1
1.1
1.0
0.0
0.0

−
18.0 ± 0.2
23.0 ± 0.1
0.0
0.0
0.0
0.0
0.0
52.0 ± 0.1
7.0 ± 0.1

−
37.0 ± 0.3
48.0 ± 0.1
0.0
0.0
0.0
0.0
0.0
0.0
14.0 ± 0.1

% End member
Olivine
Troilite
Pyrrhotite
Enstatite
Augite
Blackbody
Spinel
Calcite
Cronstedtite
1.2 × 10−2

True
80.5
4.9
4.9
4.2
4.2
0.0
0.0
0.0
0.0

Modeled
16.0 ± 0.0
0.0
0.0
0.0
0.0
65.0 ± 0.1
12.0 ± 0.0
4.0 ± 0.0
3.0 ± 0.1

Normalized
46.0 ± 0.1
0.0
0.0
0.0
0.0
0.0
36.0 ± 0.1
11.0 ± 0.0
8.00 ± 0.1

Olivine
Augite
Enstatite
Albite
Pyrrhotite
Troilite
Blackbody
Cronstedtite
Spinel
Calcite
1.0 × 10−2

39.3
18.9
18.9
11.9
3.3
3.3
0.0
0.0
0.0
0.0

19.0 ± 0.1
11.0 ± 0.2
0.0
0.0
0.0
0.0
47.0 ± 0.3
15.0 ± 0.3
6.0 ± 0.2
2.0 ± 0.0

36.0 ± 0.2
21.0 ± 0.3
0.0
0.0
0.0
0.0
0.0
28.0 ± 0.4
11.0 ± 0.2
4.00 ± 0.1

Orguiel RMS error
Anhydrous
Allende
Meteorites

Allende RMS error
Farmington

Farmington RMS error
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Ambient Meteorites: Limited Spectral Range
Results for the ambient meteorites modeled over the limited spectral range are found in
Figure 30, Figure 31, and Table 13.
Hydrated Meteorites
The Murchison, MIL 090001, and Orgueil meteorite spectra showed overall low residuals
across the entire spectral range; the modeled spectra are within most of the meteorite spectra
uncertainty bars (Figure 30). These low residuals are due to restriction of the spectral range to a
surface scattering region and the spectra are spectrally flat in this region. The Orgueil model fit
had the lowest residuals since it is the most spectrally flat of the hydrated meteorite spectra
across the limited spectral range. However, it is the high abundance of magnetite that is giving
the modeled Orgueil spectrum the flat shape. But this abundance of magnetite is not realistic for
the Orgueil meteorite. The highest residuals were observed in the model fit of the MIL 090001
spectrum. In contrast to Orgueil, it shows more spectral features than the other hydrated
meteorite spectra in the limited spectral range. Phyllosilicate was underestimated, on average, by
64.2±1.4% in the hydrated meteorites (Table 13) which is a greater underestimation compared to
the full spectral range. Again, minor phases present were typically not used by the model (e.g.,
enstatite, calcite, and troilite) and phases not present were selected (e.g., on average 9.0±1.5%
cronstedtite, 7.3±0.4% spinel, and 12.5±0.4% albite).
Anhydrous Meteorites
The Allende and Farmington spectra showed similar low residuals across the entire
spectral range with higher residual errors compared to other portions of the spectrum near 950,
875, and 800 cm−1 (Figure 31). These higher residual errors are due to minor constituents
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present in the meteorites that are contributing to the spectra, but they are not being selected by
the model (e.g., troilite, enstatite, augite, albite). Olivine was underestimated, on average, by
73.5±0.1% (Table 13) (greater underestimation compared to the full spectral range).

Figure 30 Linear modeling of ambient hydrated meteorites in the limited spectral range using
STO WLS with a blackbody end member. These plots correspond to modeled abundances in
Table 13.
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Figure 31 Linear modeling of ambient anhydrous meteorites in the limited spectral range using
STO WLS with a blackbody end member. These plots correspond to modeled abundances in
Table 13.

Table 13 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for ambient hydrated (top section) and anhydrous (bottom section) meteorites
modeled over the limited spectral range.
Hydrated Meteorites
Murchison

Murchison RMS error
MIL 090001

End member
Phyllosilicate
Saponite (phyllo.)
Cronstedtite (phyllo.)
Olivine
Augite
Enstatite
Magnetite
Calcite
Pyrrhotite
Troilite
Albite
Blackbody
1.0 × 10−3

True
76.2
−
−
11.3
4.0
4.0
1.5
0.8
0.5
0.5
0.0
0.0

Modeled
−
0.0
10.0 ± 2.5
0.0
0.0
0.0
48.0 ± 7.5
0.0
35.0 ± 8.8
0.0
6.0 ± 1.4
66.0 ± 0.6

Normalized
−
0.0
10.0 ± 2.5
0.0
0.0
0.0
48.0 ± 7.5
0.0
35.0 ± 8.8
0.0
6.0 ± 1.4
0.0

Phyllosilicate
Saponite (phyllo.)
Cronstedtite (phyllo.)
Olivine
Enstatite
Augite

25.9
−
−
23.0
12.4
12.4

−
6.0 ± 1.1
8.0 ± 0.8
6.0 ± 0.4
7.0 ± 0.6
0.0

−
6.0 ± 1.1
8.0 ± 0.8
6.0 ± 0.4
7.0 ± 0.6
0.0
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Calcite
Magnetite
Pyrrhotite
Troilite
Blackbody
Spinel
MIL 090001 RMS error 1.8 × 10−3

2.9
2.1
1.8
1.8
0.0
0.0

0.0
0.0
44.0 ± 2.6
0.0
0.0
29.0 ± 1.6

0.0
0.0
44.0 ± 2.6
0.0
0.0
29.0 ± 1.6

Orgueil

Phyllosilicate
Saponite (phyllo.)
Cronstedtite (phyllo.)
Magnetite
Olivine
Pyrrhotite
Troilite
Calcite
Albite
Blackbody
Augite
9.8 × 10−4

79.1
−
−
6.9
4.1
1.1
1.1
1.0
0.0
0.0
0.0

−
3.0 ± 2.6
0.0
80.0 ± 3.9
0.0
1.0 ± 2.6
0.0
0.0
9.0 ± 0.3
0.0
7.0 ± 1.5

−
3.0 ± 2.6
0.0
80.0 ± 3.9
0.0
1.0 ± 2.6
0.0
0.0
9.0 ± 0.3
0.0
7.0 ± 1.5

% End member
Olivine
Troilite
Pyrrhotite
Enstatite
Augite
Blackbody
6.4 × 10−3

True
80.5
4.9
4.9
4.2
4.2
0.0

Modeled
7.0 ± 0.2
0.0
64.0 ± 0.8
0.0
30.0 ± 1.0
0.0

Normalized
7.0 ± 0.2
0.0
64.0 ± 0.8
0.0
30.0 ± 1.0
0.0

Olivine
Augite
Enstatite
Albite
Pyrrhotite
Troilite
Blackbody
6.3 × 10−3

39.3
18.9
18.9
11.9
3.3
3.3
0.0

16.0 ± 0.5
0.0
18.0 ± 1.3
0.0
± 1.3± 1.1
66.0
0.0
0.0

16.0 ± 0.5
0.0
18.0 ± 1.3
0.0
66.0 ± 1.1
0.0
0.0

Orguiel RMS error
Anhydrous
Allende
Meteorites

Allende RMS error
Farmington

Farmington RMS error
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SAE Meteorites: Full Spectral Range
Modeling results for the SAE meteorites may be found in Figure 32, Figure 33, and
modeled abundances in Table 14.
Hydrated Meteorites
In the TF (volume scattering) and CF portion of the Murchison spectrum near ∼ 1250 −
600 cm−1 higher residual errors were observed (Figure 32) compared to the surface scattering RB
region. A similar model fit was observed for the MIL 090001, ALH 83100, and Orgueil spectra
with volume scattering regions of the spectra having the highest residual errors. Murchison had
the lowest residual errors because the model fit two of the minor phases present in Murchison
(e.g., augite was fit to ±0.2% of the true abundance, and pyrrhotite) (Table 14). On the other
hand, Orgueil had the highest residual errors since the model selected the spectrally flat end
member pyrrhotite in high abundance (pyrrhotite is present in low abundance ∼1.1%). The
volumetrically dominant phase, phyllosilicate, present in the hydrated meteorites, was
underestimated by 63.9±0.3%. In the hydrated meteorites, the minor phases present were
generally not modeled (e.g., olivine, enstatite, magnetite, calcite, and troilite).
Anhydrous Meteorites
Higher residual errors were observed over the Allende, Farmington, and Vigarano
meteorite spectra at higher frequencies relative to and at the CF near ∼ 2000−500 cm−1. Also,
higher residuals were seen over the volume scattering region of the TF near ∼750 cm−1 while the
surface scattering RB region ∼ 625-250 cm1 showed comparatively lower residual errors in
Figure 33. The model fit for Allende had the highest residual errors and Vigarano the lowest
although olivine was greatly underestimated in both (Table 14). The model did not fit any of the
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minor phases present in Allende while it fit some (e.g., augite and pyrrhotite) for Vigarano.
Higher residuals result from these minor phases not being fit by the model because they
contribute to the Allende spectra. Pyrrhotite, a spectrally flat end member, was selected by the
model to fit Vigarano. This improved the fit for Vigarano since the lowest residual errors were
where the spectrum has a relatively flat spectral region near ∼2000-1250 cm−1. We observed
that olivine is underestimated, on average, by 54.0±0.2% in the anhydrous meteorites. Phases
not found in the anhydrous meteorites were used in the model fitting (e.g., 69.0±1.0%
cronstedtite, 14.0±0.3% spinel, and 7.0±0.1% calcite) and phases in low abundance (e.g., troilite,
pyrrhotite, enstatite, and augite) were usually not modeled.
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Figure 32 Linear modeling of SAE hydrated meteorites in the full spectral range using STO
WLS with a blackbody end member. These plots correspond to modeled abundances in Table 14.
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Figure 33 Linear modeling of SAE anhydrous meteorites in the full spectral range using STO
WLS with a blackbody end member. These plots correspond to modeled abundances in Table 14.

Table 14 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for SAE hydrated (top section) and anhydrous (bottom section) meteorites modeled
over the full spectral range.
Hydrated Meteorites
Murchison

End member
Phyllosilicate
Saponite (phyllo.)
Cronstedtite (phyllo.)
Olivine
Augite

True
76.2
−
−
11.3
4.0
120

Modeled
−
0.0
35.0 ± 0.4
0.0
2.1 ± 0.1

Normalized
−
0.0
88.0 ± 0.7
0.0
4.0 ± 0.2

4.0
1.5
0.8
0.5
0.5
0.0

0.0
0.0
0.0
3.0 ± 0.3
0.0
60.0 ± 0.6

0.0
0.0
0.0
8.0 ± 0.5
0.0
0.0

Phyllosilicate
Saponite (phyllo.)
Cronstedtite (phyllo.)
Olivine
Enstatite
Augite
Calcite
Magnetite
Pyrrhotite
Troilite
Blackbody
Spinel
MIL 090001 RMS error 5.3 × 10−3

25.9
−
−
23.0
12.4
12.4
2.9
2.1
1.8
1.8
0.0
0.0

−
0.0
27.0 ± 0.2
6.0 ± 0.1
3.0 ± 0.2
0.0
0.0
0.0
0.0
0.0
54.0 ± 0.3
10.0 ± 0.1

−
0.0
59.0 ± 0.4
13.0 ± 0.1
6.0 ± 0.2
0.0
0.0
0.0
0.0
0.0
0.0
22.0 ± 0.1

ALH 83100

Phyllosilicate
Saponite (phyllo.)
Cronstedtite (phyllo.)
Olivine
Magnetite
Augite
Enstatite
Calcite
Pyrrhotite
Troilite
Blackbody
Spinel
4.1 × 10−3

84.5
−
−
5.3
3.3
1.6
1.6
1.5
1.2
1.2
0.0
0.0

−
0.0
38.0 ± 1.0
2.0 ± 0.3
0.0
0.0
0.0
0.0
0.0
0.0
55.0 ± 1.0
5.0 ± 0.3

−
0.0
85.0 ± 1.6
5.0 ± 0.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
10.0 ± 0.5

Phyllosilicate
Saponite (phyllo.)
Cronstedtite (phyllo.)
Magnetite
Olivine
Pyrrhotite
Troilite

79.1
−
−
6.9
4.1
1.1
1.1

−
4.0 ± 0.8
21.0 ± 1.0
0.0
0.0
13.0 ± 0.7
0.0

−
10.0 ± 1.2
53.0 ± 1.4
0.0
0.0
33.0 ± 1.1
0.0

Murchison RMS error

Enstatite
Magnetite
Calcite
Pyrrhotite
Troilite
Blackbody
4.0 × 10−3

MIL 090001

ALH 83100 RMS error
Orgueil
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Orguiel RMS error
Anhydrous
Allende
Meteorites

Allende RMS error
Farmington

Farmington RMS error
Vigarano

Vigarano RMS error

1.0
0.0
0.0

0.0
60.0 ± 1.4
1.0 ± 0.4

0.0
0.0
4.0 ± 0.7

% End member
Olivine
Troilite
Pyrrhotite
Enstatite
Augite
Blackbody
Spinel
Calcite
Cronstedtite
8.6 × 10−3

True
80.5
4.9
4.9
4.2
4.2
0.0
0.0
0.0
0.0

Modeled
4.0 ± 0.2
0.0
0.0
0.0
0.0
60.0 ± 0.6
5.0 ± 0.2
3.0 ± 0.1
28.0 ± 0.6

Normalized
10.0 ± 0.2
0.0
0.0
0.0
0.0
0.0
14.0 ± 0.3
7.0 ± 0.1
69.0 ± 0.1

Olivine
Augite
Enstatite
Albite
Pyrrhotite
Troilite
Blackbody
Cronstedtite
5.5 × 10−3

39.3
18.9
18.9
11.9
3.3
3.3
0.0
0.0

10.0 ± 0.2
0.0
0.0
0.0
0.0
0.0
58.0 ± 0.7
27.0 ± 0.5

23.0 ± 0.3
0.0
0.0
0.0
0.0
0.0
0.0
64.0 ± 0.8

Olivine
Augite
Enstatite
Albite
Pyrrhotite
Troilite
Blackbody
Cronstedtite
3.4 × 10−3

81.6
5.6
5.6
1.2
1.7
1.7
0.0
0.0

2.0 ± 0.3
3.0 ± 0.4
0.0
0.0
2.0 ± 0.6
0.0
60.0 ± 1.2
32.0 ± 0.9

6.0 ± 0.6
8.0 ± 0.6
0.0
0.0
6.0 ± 1.0
0.0
0.0
80.0 ± 0.4

Calcite
Blackbody
Augite
5.7 × 10−3
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SAE Meteorites: Limited Spectral Range
Results for the SAE meteorites modeled over the limited spectral range are found in
Figure 34, Figure 35, and Table 15.
Hydrated Meteorites
Higher residual errors were observed near ∼ 975 − 850 cm−1 compared to other portions
of the Murchison spectrum (Figure 34). The model fit for the Murchison spectrum showed the
highest residuals of the hydrated meteorite spectra due to the model only fitting one major and
minor phase present in Murchison. These higher residuals were due to most of the minor phases
not being modeled; however, these minor phases are present in Murchison and contributing to
the spectrum. On the other hand, Orgueil had the lowest residual errors of the hydrated meteorite
model fits and the modeled spectrum fit within almost all of the Orgueil spectrum uncertainty
bars. These low residuals are due to the Orgueil spectrum lacking spectral features and the
model fitting a large abundance of magnetite, which is spectrally flat. A large amount of
blackbody end member was selected by the model to adjust the spectral contrast to improve the
fit. Phyllosilicate was underestimated, on average, by 56.9±7.6% in the hydrated meteorites
(Table 15). The minor phases present in the hydrated meteorites were generally not modeled
(e.g., olivine, augite, enstatite, calcite, pyrrhotite, and troilite).
Anhydrous Meteorites
The Allende spectrum shows higher residual errors near ∼ 1050−950 cm−1 and around ∼
825 cm−1 compared to other portions of the spectrum (Figure 35). Allende also had the highest
residual errors due to the model fitting only troilite, a spectrally flat phase, to the spectrum which
has some spectral features. Vigarano showed the lowest residual errors. However, none of the
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phases present in Vigarano were modeled; the model fit cronstedtite, which is not present in
Vigarano, in 100% abundance (Table 15). Olivine was not modeled in any of the fittings so was
underestimated, on average, by 67.1%. Again, minor phases present in the anhydrous meteorites
were not modeled (e.g., pyrrhotite, enstatite, and augite) and cronstedtite was modeled phase for
Vigarano but it is not present in the meteorite.

Figure 34 Linear modeling of SAE hydrated meteorites in the limited spectral range using STO
WLS with a blackbody end member. These plots correspond to modeled abundances shown in
Table 15.
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Figure 35 Linear modeling of SAE anhydrous meteorites in the limited spectral range using
STO WLS with a blackbody end member. These plots correspond to the modeled abundances in
Table 15.

Table 15 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for SAE hydrated (top section) and anhydrous (bottom section) meteorites modeled
over the limited spectral range.
Hydrated Meteorites
Murchison

End member
Phyllosilicate
Saponite (phyllo.)
Cronstedtite (phyllo.)
Olivine

True
76.2
−
−
11.3
125

Modeled
−
0.0
93.0 ± 1.4
0.0

Normalized
−
0.0
93.0 ± 1.4
0.0

4.0
4.0
1.5
0.8
0.5
0.5
0.0

0.0
0.0
7.0 ± 1.4
0.0
0.0
0.0
60.0 ± 0.6

0.0
0.0
7.0 ± 1.4
0.0
0.0
0.0
0.0

Phyllosilicate
Saponite (phyllo.)
Cronstedtite (phyllo.)
Olivine
Enstatite
Augite
Calcite
Magnetite
Pyrrhotite
Troilite
Blackbody
MIL 090001 RMS error 1.0 × 10−3

25.9
−
−
23.0
12.4
12.4
2.9
2.1
1.8
1.8
0.0

−
0.0
24.0 ± 0.8
0.0
0.0
0.0
0.0
0.0
0.0
40.0 ± 3.9
36.0 ± 3.3

−
0.0
37.0 ± 1.3
0.0
0.0
0.0
0.0
0.0
0.0
63.0 ± 6.7
63.0 ± 6.7

ALH 83100

Phyllosilicate
Saponite (phyllo.)
Cronstedtite (phyllo.)
Olivine
Magnetite
Augite
Enstatite
Calcite
Pyrrhotite
Troilite
Blackbody
Spinel
5.9 × 10−3

84.5
−
−
5.3
3.3
1.6
1.6
1.5
1.2
1.2
0.0
0.0

−
0.0
25.0 ± 2.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
75.0 ± 2.8

−
0.0
25.0 ± 2.9
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
75.0 ± 2.8

Phyllosilicate
Saponite (phyllo.)
Cronstedtite (phyllo.)
Magnetite
Olivine
Pyrrhotite
Troilite

79.1
−
−
6.9
4.1
1.1
1.1

−
14.0 ± 16.4
8.0 ± 7.3
14.0 ± 114.2
0.0
0.0
0.0

−
38.0 ± 30.4
22.0 ± 136.4
40.0 ± 212.0
0.0
0.0
0.0

Murchison RMS error

Augite
Enstatite
Magnetite
Calcite
Pyrrhotite
Troilite
Blackbody
1.8 × 10−2

MIL 090001

ALH 83100 RMS error
Orgueil
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Orguiel RMS error
Anhydrous
Allende
Meteorites

Allende RMS error
Farmington

Farmington RMS error
Vigarano

Vigarano RMS error

1.0
0.0

0.0
64.0 ± 118.1

0.0
0.0

End member
Olivine
Troilite
Pyrrhotite
Enstatite
Augite
Blackbody
2.6 × 10−2

True
80.5
4.9
4.9
4.2
4.2
0.0

Modeled
0.0
100.0 ± 0.0
0.0
0.0
0.0
0.0

Normalized
0.0
100.0 ± 0.0
0.0
0.0
0.0
0.0

Olivine
Augite
Enstatite
Albite
Pyrrhotite
Troilite
Blackbody
1.3 × 10−3

39.3
18.9
18.9
11.9
3.3
3.3
0.0

0.0
0.0
0.0
0.0
0.0
100.0 ± 0.0
0.0

0.0
0.0
0.0
0.0
0.0
100.0 ± 0.0
0.0

Olivine
Augite
Enstatite
Albite
Pyrrhotite
Troilite
Blackbody
Cronstedtite
1.2 × 10−2

81.6
5.6
5.6
1.2
1.7
1.7
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
100.0 ± 0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
100.0 ± 0.0

Calcite
Blackbody
9.7 × 10−4
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Table 16 Average RMS errors for all mixtures and meteorites from Table 2 over the full and
limited spectral ranges. The rightmost column gives the percentage, on average, of
underestimation (negative) or overestimation (positive) of the major phase.
Mixture
Ambient anhydrous

Ambient hydrated

Ambient meteorites

SAE anhydrous

SAE hydrated

SAE meteorites

Spectral Range Average RMS error Major Phase
Full

1.5 × 10−2

-10.4±0.0%

Limited

5.3 × 10−3

-22.6±0.2%

Full

7.0 × 10−3

-8.0±0.1%

Limited

1.4 × 10−3

-24.2±0.4%

Full

6.5 × 10−3

-40.4±0.2%

Limited

2.9 × 10−3

-61.0±0.4%

Full

1.5 × 10−2

-14.4±0.1%

Limited

7.1 × 10−3

+34.2±0.7%

Full

1.2 × 10−2

-17.2±0.2%

Limited

2.4 × 10−3

+1.66±0.3%

Full

5.21 × 10−3

-59.7±0.2%

Limited

1.09 × 10−2

-61.3±4.3%

Discussion
An improved model fit (lower residual errors) was observed when the modeling was
restricted to the limited spectral region or RB (Table 16) compared to the full spectral range,
which contains the portion of the spectrum at higher frequencies relative to the CF and the TF
spectral features. This is not surprising since the RB region is dominated by surface scattering
(i.e. linear behavior) so we expect the linear model to show an improvement in modeling
compared to the CF and TF portions of the spectra that are dominated by volume scattering (i.e.
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nonlinear behavior). The model fit large abundances of low albedo, opaque phases (e.g.,
blackbody, pyrrhotite, magnetite, spinel) not present in the mixtures and meteorites to reduce the
spectral contrast of the pure mineral end member spectra and achieve the best mathematical fit.
Despite restriction to the surface scattering region, the model remained unable to accurately
predict abundances present in the mixtures and meteorites (Donaldson Hanna et al., 2019), but
the average RMS error generally improved (see Table 16) compared to the full spectral range.
The primary issue leading to inaccuracies in our modeling is that the end member,
mixture, and meteorite spectra are dominated volumetrically and spectrally by fine particulates
(<90 µm) which exhibit nonlinear behavior (Ramsey & Christensen, 1998; Hamilton &
Christensen, 2000; Rogers & Aharonson, 2008). Ramsey and Christensen (1998) demonstrated
that spectral modeling remains linear to 10-20 µm if the same size particle end members (or
particle size distribution) are used as went into the mixtures. In contrast to the study by Ramsey
and Christensen (1998), we did not possess the exact particle size distribution in our end
members that are present in the mixtures and meteorites, which is a likely contributor to
inaccuracies. For example, the meteorite samples contained three particle size fractions: 105-150
µm, 38-100 µm, and <38 µm, which were combined in ∼11, 22, and 67 weight %, respectively
(referred to in Section OSIRIS-REx Blind Study Primitive Asteroid Analogs). While our end
member materials have different particle size fractions to those in the physical mixtures and
meteorites, all the samples have similar amounts of the finest particle size fraction (<45 µm) and
should be spectrally dominated by that particle size fraction. This particle size disparity should
not affect the position of the spectral features; it should only affect the spectral contrast of key
diagnostic features. But this difference should not be an issue since we included a blackbody as
an end member and the point of including it is to account for the differences in spectral contrast.
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However, the spectrally flat end members could be modeled at higher abundances to account for
the difference in spectral contrast. If we wanted to eliminate the variable of particle size
distribution, we would need to include spectra representative of all the same size fractions used
to create the mixtures of minerals and meteorite material. This was not possible in our study
since we were limited to the amount of material available; thus, we could only use a single
particle size distribution (Donaldson Hanna et al., 2021). Although we had this particle size
constraint, it represents the reality of what we would experience for a planetary surface in remote
sensing; for example, in remote sensing we would not know the particle size distribution or
materials present on a planetary surface, so it is not possible to have a spectral library matching
exactly the particle size distribution and materials on the surfaces of these bodies.
In general, there was a greater over/under-estimation of the major phase present in the
modeled abundances of the mixtures and meteorites in the limited spectral range compared to the
full spectral range (Table 16). Lack of the model to fit the minor phases present in the mixtures
and meteorites is contributing to over/under-compensation of the model to select a higher
abundance of the major phase for fitting. The anhydrous and hydrated mixture spectra that were
better modeled (lower RMS error) relative to other mixture spectra were those that contained a
higher abundance of the major phase. Thus, the model did well in fitting the major constituent
and consistently lacked in modeling the minor constituents present in the mixtures and
meteorites. Furthermore, SAE mixture and meteorite spectra showed a greater underestimation
of the major phase present in the mixtures and meteorites compared to the ambient mixtures and
meteorites. The thermal gradient created by SAE conditions, representative of an asteroid
surface, introduces an additional nonlinear behavior. This has implications for a planetary
surface since the model is not only unable to accurately determine the abundance of the major
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phase but, in general, higher residual errors are seen in the fit compared to the ambient
conditions (Table 16).
A contributing factor to inaccuracies in modeling was that we were missing end members
in our spectral library that were present in the mixtures and meteorites. For the anhydrous and
hydrated mixtures, we were lacking Fe-Ni metal, but it is spectrally flat and would only
contribute to a difference in spectral contrast in the model fit. The SAE mixtures had several
missing components compared to the ambient library (e.g., albite and Fe-Ni metal). The
meteorites were also missing several components (e.g., phosphate, chromite, metal, and gypsum)
(see Donaldson Hanna et al., 2019). Further inaccuracies in modeling related to missing
components, and pertaining to the meteorites, were that terrestrial and extraterrestrial mineral
end members included in the spectral library were not truly representative of the mineral phases
present in the chondritic meteorites (Donaldson Hanna et al., 2019; Zaikowski, 1979; Beck et al.,
2010, 2014). It is known that the phyllosilicates in carbonaceous chrondites are not well
matched spectrally by terrestrial samples (Zaikowski, 1979; Beck et al., 2010, 2014). As a
result, we expect to get increasingly less accurate results for meteorites possessing more than ∼
5−10% phyllosilicate (Zaikowski, 1979; Beck et al., 2010, 2014).
Also, inaccuracies were due to crystallite size differences between the materials making
up the chondritic meteorite matrices and mineral end members. Note that this issue is not related
to the physical mixtures only to the meteorites. The degree of thermal metamorphism of a
meteorite is related to an increase in crystallite size (and recrystallization) (Hamilton et al.,
2020). The meteorites in this study have varying degrees of thermal metamorphism (Donaldson
Hanna et al., 2019) so each meteorite matrix has a different crystallite size (Hamilton et al.,
2020). Meteorite spectra change with increasing crystallite size; more specifically, TIR bands
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change in their shape and symmetry (band minima shift to higher frequencies with increased
thermal metamorphism) (Hamilton et al., 2020). The San Carlos olivine end member used in our
spectral library is consistent with the natural sample (𝐹𝑜91 ) measured in Hamilton et al. (2020)
which is composed of large crystallites (see Fig. 2 in Hamilton et al., 2020). Since spectra
change depending on the crystallite size, modeling the meteorite spectra (varying sizes of
crystallites) using the large crystallite size San Carlos olivine as an end member will result in
inaccuracies in the modeled abundances of the chondritic meteorites.
Some inaccuracies in modeling spectra were due to missing components in the spectral
library that are present in the mixtures and meteorites, terrestrial versus extraterrestrial minerals
present in the spectral library, and crystallite size differences between meteorite and end member
spectra, but a major issue in modeling inaccuracies is due to the spectra being dominated
volumetrically by fine particles (<90 µm). We have shown the inadequacy of the STO WLS
model in modeling spectra dominated volumetrically and spectrally by the <90 µm particle size;
despite some spectra being modeled well, even for the best modeled spectra (lowest RMS error),
the retrieved model abundances were not accurate (Donaldson Hanna et al., 2019). We observed
that nonlinear behavior is present in particles as large as 90 µm despite previous works (e.g.
Ramsey & Christensen, 1998) which have shown that linear modeling can still be applied to
particles as small as 10 µm. Some approaches to improve the STO WLS model would be to use
the same particle size fractions as went into the mixtures and also include modeling of non-linear
behavior in STO WLS. A model that is able to accurately model <90 µm sized particles is
crucial for studying planetary bodies with regolith spectrally dominated by this size.

132

Conclusion
In this study we observed that modeling over the surface scattering RB region of a
spectrum showed lower residual errors than at higher frequencies to the CF and TF regions,
where volume scattering dominates. However, despite restricting the modeling to the RB region,
and seeing an improved model fit, the modeled mineral abundances still did not agree with
published values. The STO WLS model typically underestimated the modal abundances of the
dominant mineral phases in most of the physical mixtures and meteorite spectra, and many minor
phases present in the mixtures and meteorites were consistently not modeled. Phases not present
in the mixture and meteorites were modeled in order to achieve the best mathematical fit. The
model did better fitting the major phase than fitting the minor phases present in the mixtures and
meteorites. Thus, mixtures with a larger abundance of olivine had a better model fit (lower
residual errors) compared to mixtures having less olivine. Other inaccuracies in modeling were
due to: (i) nonlinear behavior exhibited by the spectra being dominated by <90 µm particle sizes,
(ii) missing spectral library end members that are present in the mixtures and meteorites, (iii) not
having the same particle size distributions in our spectral library as present in the mixture and
meteorite spectra, and (iv) for the meteorites, not only did we lack components present in them
but we also used terrestrial minerals in our spectra library versus extraterrestrial mineral end
members; the terrestrial end members included in the spectral library are not truly representative
of the mineral phases or crystallite size present in the chondritic meteorites.
This study has shown the inadequacy of the STO WLS in modeling spectra dominated by
<90 µm particles present in the mixtures and meteorites described here. We have demonstrated
the need for a better approach to accurately model asteroid spectra containing <90 µm particle
sizes on their surface regolith.
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Appendix C Ambient Anhydrous Mixtures
C1 Full Spectral Range

Figure 36 Linear modeling of ambient anhydrous mixtures in the full spectral range using STO
WLS with a blackbody end member. These plots correspond to Table 17. In all of the above
plots the mixture spectra is shown in blue, the model fit in red dashed lines, and the residual
error in black.
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Table 17 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for ambient anhydrous mixtures modeled over the full spectral range.
Mixture
Bruce

Bruce RMS error
Tony

Tony RMS error
Natasha

Natasha RMS error
Bucky

End member
Olivine
Albite
Augite
Troilite
Enstatite
Enstatite
Blackbody
Spinel
Calcite
1.4 × 10−2

True
70.0
10.0
8.5
5.0
1.5
4.0
0.0
0.0
0.0

Modeled
48.0 ± 0.0
0.0
0.0
0.0
0.0
0.0
35.0 ± 0.0
16.0 ± 0.0
1.0 ± 0.0

Normalized
74.0 ± 0.1
0.0
0.0
0.0
0.0
0.0
0.0
25.0 ± 0.1
1.0 ± 0.0

Olivine
Albite
Augite
Calcite
Troilite
Enstatite
Blackbody
Spinel
1.2 × 10−3

66.5
9.5
8.0
5.0
4.8
1.4
0.0
0.0

32.0 ± 0.1
0.0
0.0
4.0 ± 0.0
0.0
0.0
34.0 ± 0.1
30.0 ± 0.1

49.0 ± 0.1
0.0
0.0
6.0 ± 0.0
0.0
0.0
0.0
0.0

Olivine
Albite
Augite
Troilite
Enstatite
Saponite
Blackbody
Spinel
Calcite
1.5 × 10−2

66.5
9.5
8.0
4.8
1.0
0.0
0.0
0.0
0.0

32.0 ± 0.1
0.0
0.0
0.0
0.0
30.0 ± 0.4
27.0 ± 0.2
7.0 ± 0.1
4.0 ± 0.1

44.0 ± 0.1
0.0
0.0
0.0
0.0
41.0 ± 0.5
0.0
10.0 ± 0.2
5.0 ± 0.1

Olivine
Albite
Augite
Saponite
Troilite
Enstatite
Blackbody
Spinel

66.5
9.5
8.0
5.0
4.8
1.0
0.0
0.0

47.0 ± 0.0
0.0
0.0
0.0
0.0
0.0
38.0 ± 0.0
15.0 ± 0.0

76.0 ± 0.0
0.0
0.0
0.0
0.0
0.0
0.0
24.0 ± 0.0
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Bucky RMS error

1.6 × 10−2

Selina

Olivine
Albite
Augite
Calcite
Saponite
Troilite
Enstatite
Blackbody
Spinel
1.7 × 10−2

Selina RMS error

59.5
8.5
7.2
5.0
5.0
4.8
1.3
0.0
0.0

136

24.0 ± 0.1
0.0
0.0
5.0 ± 0.0
27.0 ± 0.2
0.0
0.0
29.0 ± 0.1
15.0 ± 0.1

34.0 ± 0.1
0.0
0.0
8.0 ± 0.0
38.0 ± 0.3
0.0
0.0
0.0
21.0 ± 0.1

C2 Limited Spectral Range

Figure 37 Linear modeling of ambient anhydrous mixtures in the limited spectral range using
STO WLS with a blackbody end member. These plots correspond to Table 18. In all of the
above plots the mixture spectra is shown in blue, the model fit in red dashed lines, and the
residual error in black.
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Table 18 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for ambient anhydrous mixtures modeled over the limited spectral range.
Mixture
Bruce

Bruce RMS error
Tony

Tony RMS error
Natasha

Natasha RMS error
Bucky

Bucky RMS error
Selina

End member
Olivine
Albite
Augite
Troilite
Enstatite
Pyrrhotite
Blackbody
4.2 × 10−3

True
70.0
10.0
8.5
5.0
1.5
0.0
0.0

Modeled
44.0 ± 0.1
0.0
0.0
0.0
0.0
56.0 ± 0.1
0.0

Normalized
44.0 ± 0.1
0.0
0.0
0.0
0.0
56.0 ± 0.1
0.0

Olivine
Albite
Augite
Calcite
Troilite
Enstatite
Pyrrhotite
Blackbody
6.0 × 10−3

66.5
9.5
8.0
5.0
4.8
1.4
0.0
0.0

38.0 ± 0.6
0.0
19.0 ± 3.0
0.0
0.0
0.0
43.0 ± 2.5
0.0

38.0 ± 0.6
0.0
19.0 ± 3.0
0.0
0.0
0.0
43.0 ± 2.5
0.0

Olivine
Albite
Augite
Troilite
Enstatite
Pyrrhotite
Blackbody
4.6 × 10−3

66.5
9.5
8.0
4.8
1.0
0.0
0.0

45.0 ± 0.4
0.0
0.0
0.0
0.0
55.5 ± 0.4
0.0

45.0 ± 0.4
0.0
0.0
0.0
0.0
55.0 ± 0.4
0.0

Olivine
Albite
Augite
Saponite
Troilite
Enstatite
Pyrrhotite
Blackbody
5.6 × 10−3

66.5
9.5
8.0
5.0
4.8
1.0
0.0
0.0

41.0 ± 0.1
3.0 ± 0.2
0.0
0.0
0.0
0.0
56.0 ± 0.2
0.0

41.0 ± 0.1
3.0 ± 0.2
0.0
0.0
0.0
0.0
56.0 ± 0.2
0.0

Olivine
Albite

59.5
8.5

48.0 ± 0.3
0.0

48.0 ± 0.3
0.0
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Selina RMS error

7.2
5.0
5.0
4.8
1.3
0.0
0.0

Augite
Calcite
Saponite
Troilite
Enstatite
Pyrrhotite
Blackbody
5.9 × 10−3
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0.0
0.0
0.0
0.0
0.0
52.0 ± 0.2
0.0

0.0
0.0
0.0
0.0
0.0
52.0 ± 0.2
0.0

Appendix D SAE Anhydrous Mixtures
D1 Full Spectral Range

Figure 38 Linear modeling of SAE anhydrous mixtures in the full spectral range using STO WLS
with a blackbody end member. These plots correspond to Table 19. In all of the above plots the
mixture spectra is shown in blue, the model fit in red dashed lines, and the residual error in
black.
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Table 19 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for SAE anhydrous mixtures modeled over the full spectral range.
Mixture
Bruce

Bruce RMS error
Tony

Tony RMS error
Natasha

Natasha RMS error
Bucky

Bucky RMS error

End member
Olivine
Albite
Augite
Troilite
Enstatite
Blackbody
Cronstedtite
9.2 × 10−3

True
70.0
10.0
8.5
5.0
1.5
0.0
0.0

Modeled
31.0 ± 0.1
0.0
0.0
0.0
0.0
62.0 ± 0.4
7.0 ± 0.4

Normalized
81.0 ± 0.1
0.0
0.0
0.0
0.0
0.0
19.0 ± 0.7

Olivine
Albite
Augite
Calcite
Troilite
Enstatite
Blackbody
Cronstedtite
Spinel
Saponite
1.3 × 10−2

66.5
9.5
8.0
5.0
4.8
1.4
0.0
0.0
0.0
0.0

20.0 ± 0.2
0.0
19.0 ± 3.0
0.0
0.0
0.0
53.0 ± 0.9
18.0 ± 0.7
7.0 ± 0.2
2.0 ± 0.4

42.0 ± 0.3
0.0
19.0 ± 3.0
0.0
0.0
0.0
0.0
38.0 ± 1.1
15.0 ± 0.3
5.0 ± 0.7

Olivine
Albite
Augite
Troilite
Enstatite
Blackbody
Saponite
1.8 × 10−2

66.5
9.5
8.0
4.8
1.0
0.0
0.0

21.0 ± 0.1
0.0
0.0
0.0
0.0
59.0 ± 0.2
20.0 ± 0.2

51.0 ± 0.1
0.0
0.0
0.0
0.0
0.0
49.0 ± 0.4

Olivine
Albite
Augite
Saponite
Troilite
Enstatite
Blackbody
Cronstedtite
1.2 × 10−2

66.5
9.5
8.0
5.0
4.8
1.0
0.0
0.0

29.0 ± 0.2
3.0 ± 0.2
0.0
0.0
0.0
0.0
56.0 ± 0.6
15.0 ± 0.6

66.0 ± 0.3
3.0 ± 0.2
0.0
0.0
0.0
0.0
0.0
34.0 ± 1.1
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Selina

Selina RMS error

59.5
8.5
7.2
5.0
5.0
4.8
1.3
0.0
0.0
0.0

Olivine
Albite
Augite
Calcite
Saponite
Troilite
Enstatite
Blackbody
Cronstedtite
Spinel
2.2 × 10−2
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11.0 ± 0.3
0.0
0.0
0.0
24.0 ± 0.6
0.0
0.0
39.0 ± 1.3
20.0 ± 1.0
6.0 ± 0.2

17.0 ± 0.4
0.0
0.0
0.0
40.0 ± 1.0
0.0
0.0
0.0
33.0 ± 1.6
10.0 ± 0.3

D2 Limited Spectral Range

Figure 39 Linear modeling of SAE anhydrous mixtures in the limited spectral range using STO
WLS with a blackbody end member. These plots correspond to Table 20. In all of the above plots
the mixture spectra is shown in blue, the model fit in red dashed lines, and the residual error in
black.
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Table 20 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for SAE anhydrous mixtures modeled over the limited spectral range.
Mixture
Bruce

Bruce RMS error
Tony

Tony RMS error
Natasha

Natasha RMS error
Bucky

Bucky RMS error
Selina

End member
Olivine
Albite
Augite
Troilite
Enstatite
Blackbody
6.2 × 10−3

True
70.0
10.0
8.5
5.0
1.5
0.0

Modeled
30.0 ± 0.1
0.0
0.0
0.0
0.0
70.0 ± 0.4

Normalized
100.0 ± 1.0
0.0
0.0
0.0
0.0
0.0

Olivine
Albite
Augite
Calcite
Troilite
Enstatite
Blackbody
6.5 × 10−3

66.5
9.5
8.0
5.0
4.8
1.4
0.0

27.0 ± 1.0
0.0
0.0
0.0
0.0
0.0
73.0 ± 1.0

100.0 ± 1.4
0.0
0.0
0.0
0.0
0.0
0.0

Olivine
Albite
Augite
Troilite
Enstatite
Blackbody
7.0 × 10−3

66.5
9.5
8.0
4.8
1.0
0.0

32.0 ± 1.0
0.0
0.0
0.0
0.0
68.0 ± 0.5

100.0 ± 1.1
0.0
0.0
0.0
0.0
0.0

Olivine
Albite
Augite
Saponite
Troilite
Enstatite
Blackbody
7.8 × 10−3

66.5
9.5
8.0
5.0
4.8
1.0
0.0

30.0 ± 0.9
0.0
0.0
0.0
0.0
0.0
70.0 ± 0.7

100.0 ± 1.5
0.0
0.0
0.0
0.0
0.0
0.0

Olivine
Albite
Augite
Calcite
Saponite
Troilite

59.5
8.5
7.2
5.0
5.0
4.7

31.0 ± 1.3
0.0
0.0
0.0
0.0
0.0

100.0 ± 2.3
0.0
0.0
0.0
0.0
0.0
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Selina RMS error

1.3
0.0

Enstatite
Blackbody
7.9 × 10−3

145

0.0
69.0 ± 1.0

0.0
0.0

Appendix E Ambient Hydrated Mixtures
E1 Full Spectral Range

Figure 40 Linear modeling of ambient hydrated mixtures in the full spectral range using STO
WLS with a blackbody end member. These plots correspond to Table 21. In all of the above
plots the mixture spectra is shown in blue, the model fit in red dashed lines, and the residual
error in black.
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Table 21 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for ambient hydrated mixtures modeled over the full spectral range.
Mixture

End member
Lizardite
Saponite
Magnetite
Troilite
Blackbody
Cronstedtite
Augite
Spinel
4.7 × 10−3

True
45.0
45.0
5.0
5.0
0.0
0.0
0.0
0.0

Modeled
28.0 ± 0.1
21.0 ± 0.3
0.0
0.0
21.0 ± 0.2
16.0 ± 0.2
9.0 ± 0.2
4.0 ± 0.1

Normalized
36.0 ± 0.1
27.0 ± 0.3
0.0
0.0
0.0
20.0 ± 0.1
12.0 ± 0.1
4.0 ± 0.1

Lizardite
Saponite
Magnetite
Troilite
Calcite
Blackbody
Cronstedtite
Spinel
Olivine
7.9 × 10−3

42.8
42.8
4.8
4.8
5.0
0.0
0.0
0.0
0.0

28.0 ± 0.1
22.0 ± 0.2
0.0
0.0
2.0 ± 0.0
19.0 ± 0.1
12.0 ± 0.1
12.0 ± 0.0
5.0 ± 0.0

34.0 ± 0.1
27.0 ± 0.1
0.0
0.0
2.0 ± 0.0
0.0
15.0 ± 0.1
15.0 ± 0.0
6.0 ± 0.0

Lizardite
Saponite
Magnetite
Troilite
Cronstedtite
Blackbody
Calcite
6.2 × 10−3

42.8
42.8
4.8
4.8
0.0
0.0
0.0

36.0 ± 0.1
36.0 ± 0.2
0.0
0.0
15.0 ± 0.2
13.0 ± 0.1
1.0 ± 0.0

41.0 ± 0.1
41.0 ± 0.1
0.0
0.0
17.0 ± 0.1
0.0
1.0 ± 0.0

42.8
42.8
5.0
4.8
4.8
0.0
0.0

29.0 ± 0.1
27.0 ± 0.3
8.0 ± 0.1
0.0
0.0
9.0 ± 0.2
6.0 ± 0.0

35.0 ± 0.1
33.0 ± 0.2
9.0 ± 0.1
0.0
0.0
11.0 ± 0.1
7.0 ± 0.1

Wanda RMS error

Lizardite
Saponite
Olivine
Magnetite
Troilite
Cronstedtite
Spinel
8.3 × 10−3

Nick

Lizardite

40.8

34.0 ± 0.1

42.0 ± 0.1

Steve

Steve RMS error
Clint

Clint RMS error
Peggy

Peggy RMS error
Wanda
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Nick RMS error

40.8
5.0
4.3
4.3
0.0
0.0
0.0

Saponite
Calcite
Magnetite
Troilite
Cronstedtite
Spinel
Blackbody
8.1 × 10−3
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26.0 ± 0.2
2.0 ± 0.0
0.0
0.0
12.0 ± 0.1
7.0 ± 0.1
19.0 ± 0.1

32.0 ± 0.1
3.0 ± 0.0
0.0
0.0
15.0 ± 0.1
9.0 ± 0.0
0.0

E2 Limited Spectral Range

Figure 41 Linear modeling of ambient hydrated mixtures in the limited spectral range using
STO WLS with a blackbody end member. These plots correspond to Table 22. In all of the
above plots the mixture spectra is shown in blue, the model fit in red dashed lines, and the
residual error in black.
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Table 22 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for ambient hydrated mixtures modeled over the limited spectral range.
Mixture
Steve

Steve RMS error
Clint

Clint RMS error
Peggy

Peggy RMS error
Wanda

End member
Lizardite
Saponite
Magnetite
Troilite
Spinel
Albite
Enstatite
Cronstedtite
1.3 × 10−3

True
45.0
45.0
5.0
5.0
0.0
0.0
0.0
0.0

Modeled
0.0
23.0 ± 4.6
24.0 ± 7.3
0.0
33.0 ± 2.7
12.0 ± 7.0
6.0 ± 7.0
2.0 ± 0.6

Normalized
0.0
23.0 ± 4.6
24.0 ± 7.3
0.0
33.0 ± 2.7
12.0 ± 7.0
6.0 ± 0.7
2.0 ± 0.6

Lizardite
Saponite
Magnetite
Troilite
Calcite
Spinel
Albite
Pyrrhotite
Enstatite
Blackbody
1.5 × 10−3

42.8
42.8
4.8
4.8
5.0
0.0
0.0
0.0
0.0
0.0

0.0
32.0 ± 0.7
0.0
0.0
0.0
30.0 ± 0.7
16.0 ± 2.4
12.0 ± 1.0
10.0 ± 3.8
0.0

0.0
32.0 ± 0.7
0.0
0.0
0.0
30.0 ± 0.7
16.0 ± 2.4
12.0 ± 1.0
10.0 ± 3.8
0.0

Lizardite
Saponite
Magnetite
Troilite
Spinel
Albite
Enstatite
Cronstedtite
Blackbody
1.4 × 10−3

42.8
42.8
4.8
4.8
0.0
0.0
0.0
0.0
0.0

0.0
17.0 ± 4.6
29.0 ± 7.3
0.0
30.0 ± 2.7
15.0 ± 0.7
7.0 ± 0.7
2.0 ± 0.6
0.0

0.0
17.0 ± 4.6
29.0 ± 7.3
0.0
30.0 ± 2.7
15.0 ± 0.7
7.0 ± 0.7
2.0 ± 0.6
0.0

Lizardite
Saponite
Olivine
Magnetite
Troilite
Spinel
Albite

42.8
42.8
5.0
4.8
4.8
0.0
0.0

0.0
42.0 ± 3.8
3.0 ± 0.2
5.0 ± 5.9
0.0
29.0 ± 2.2
13.0 ± 0.6

0.0
42.0 ± 3.8
3.0 ± 0.2
5.0 ± 5.9
0.0
29.0 ± 2.2
13.0 ± 0.6
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Wanda RMS error

1.5 × 10−3

Nick

Lizardite
Saponite
Calcite
Magnetite
Troilite
Spinel
Albite
Enstatite
Cronstedtite
Blackbody
1.3 × 10−3

Nick RMS error

42.8
42.8
5.0
4.3
4.3
0.0
0.0
0.0
0.0
0.0
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0.0
8.0 ± 4.3
1.0 ± 0.1
37.0 ± 6.5
0.0
28.0 ± 2.5
17.0 ± 0.1
6.0 ± 0.6
1.0 ± 0.5
0.0

0.0
8.0 ± 4.3
1.0 ± 0.1
37.0 ± 6.5
0.0
28.0 ± 2.5
17.0 ± 0.8
6.0 ± 0.5
1.0 ± 0.5
0.0

Appendix F SAE Hydrated Mixtures
F1 Full Spectral Range

Figure 42 Linear modeling of SAE hydrated mixtures in the full spectral range using STO WLS
with a blackbody end member. These plots correspond to Table 23. In all of the above plots the
mixture spectra is shown in blue, the model fit in red dashed lines, and the residual error in
black.
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Table 23 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for SAE hydrated mixtures modeled over the full spectral range.
Mixture
Steve

Steve RMS error
Clint

Clint RMS error
Peggy

Peggy RMS error
Wanda

Wanda RMS error

End member
Lizardite
Saponite
Magnetite
Troilite
Blackbody
Cronstedtite
Augite
Spinel
9.4 × 10−3

True
45.0
45.0
5.0
5.0
0.0
0.0
0.0
0.0

Modeled
13.0 ± 0.3
9.0 ± 0.5
0.0
0.0
46.0 ± 0.5
20.0 ± 0.5
6.0 ± 0.3
6.0 ± 0.2

Normalized
25.0 ± 0.2
17.0 ± 0.1
0.0
0.0
0.0
37.0 ± 0.3
10.0 ± 0.2
11.0 ± 0.1

Lizardite
Saponite
Magnetite
Troilite
Calcite
Blackbody
Cronstedtite
Augite
Spinel
Enstatite
1.1 × 10−2

42.8
42.8
4.8
4.8
5.0
0.0
0.0
0.0
0.0
0.0

11.0 ± 0.5
7.0 ± 0.9
0.0
0.0
0.0
51.0 ± 0.9
18.0 ± 0.8
10.0 ± 0.3
7.0 ± 0.3
6.0 ± 0.7

22.0 ± 0.3
14.0 ± 0.6
0.0
0.0
0.0
0.0
37.0 ± 0.6
18.0 ± 0.4
15.0 ± 0.2
12.0 ± 0.5

Lizardite
Saponite
Magnetite
Troilite
Blackbody
Cronstedtite
1.4 × 10−2

42.8
42.8
4.8
4.8
0.0
0.0

18.0 ± 0.1
24.0 ± 0.3
0.0
0.0
53.0 ± 0.3
5.0 ± 0.4

38.0 ± 0.1
51.0 ± 0.2
0.0
0.0
0.0
11.0 ± 0.3

Lizardite
Saponite
Olivine
Magnetite
Troilite
Blackbody
Augite
Cronstedtite
Spinel
1.1 × 10−2

42.8
42.8
5.0
4.8
4.8
0.0
0.0
0.0
0.0

11.0 ± 0.4
2.0 ± 0.9
4.0 ± 0.2
0.0
0.0
50.0 ± 0.8
14.0 ± 0.5
14.0 ± 0.7
10.0 ± 0.3

22.0 ± 0.3
4.0 ± 0.6
8.0 ± 0.3
0.0
0.0
0.0
27.0 ± 0.4
27.0 ± 0.5
19.0 ± 0.2
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Nick

Nick RMS error

42.8
42.8
5.0
4.3
4.3
0.0
0.0

Lizardite
Saponite
Calcite
Magnetite
Troilite
Blackbody
Cronstedtite
1.6 × 10−6
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13.0 ± 0.4
20.0 ± 0.8
0.0
0.0
0.0
50.0 ± 0.8
17.0 ± 0.9

26.0 ± 0.3
41.0 ± 0.5
0.0
0.0
0.0
0.0
33.0 ± 0.6

F2 Limited Spectral Range

Figure 43 Linear modeling of SAE hydrated mixtures in the limited spectral range using STO
WLS with a blackbody end member. These plots correspond to Table 24. In all of the above
plots the mixture spectra is shown in blue, the model fit in red dashed lines, and the residual
error in black.

155

Table 24 True (vol.%), modeled (vol.%), and blackbody normalized (vol.%) end member
abundances for SAE hydrated mixtures over the limited spectral range.
Mixture
Steve

Steve RMS error
Clint

Clint RMS error
Peggy

Peggy RMS error
Wanda

Wanda RMS error
Nick

End member
Lizardite
Saponite
Magnetite
Troilite
Blackbody
Cronstedtite
1.5 × 10−3

True
45.0
45.0
5.0
5.0
0.0
0.0

Modeled
0.0
45.0 ± 1.0
0.0
0.0
45.0 ± 1.4
9.0 ± 0.9

Normalized
0.0
83.0 ± 2.0
0.0
0.0
0.0
17.0 ± 1.5

Lizardite
Saponite
Magnetite
Troilite
Calcite
Blackbody
Cronstedtite
2.6 × 10−3

42.8
42.8
4.8
4.8
5.0
0.0
0.0

0.0
40.0 ± 1.0
0.0
0.0
0.0
56.0 ± 1.4
3.0 ± 0.9

0.0
93.0 ± 1.8
0.0
0.0
0.0
0.0
7.0 ± 1.5

Lizardite
Saponite
Magnetite
Troilite
Blackbody
Cronstedtite
2.2 × 10−3

42.8
42.8
4.8
4.8
0.0
0.0

0.0
54.0 ± 0.7
0.0
0.0
40.0 ± 1.0
6.0 ± 0.7

0.0
90.0 ± 1.2
0.0
0.0
0.0
10.0 ± 1.2

Lizardite
Saponite
Olivine
Magnetite
Troilite
Blackbody
Cronstedtite
2.7 × 10−3

42.8
42.8
5.0
4.8
4.8
0.0
0.0

0.0
50.0 ± 0.7
0.0
0.0
0.0
43.0 ± 2.6
7.0 ± 0.7

0.0
87.0 ± 1.2
0.0
0.0
0.0
0.0
13.0 ± 1.1

Lizardite
Saponite
Calcite
Magnetite
Troilite
Blackbody

40.8
40.8
5.0
4.3
4.3
0.0

0.0
46.0 ± 1.9
0.0
0.0
0.0
50.0 ± 2.6

0.0
92.0 ± 3.3
0.0
0.0
0.0
0.0
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Nick RMS error

0.0

Cronstedtite
2.8 × 10−3

4.0 ± 1.6

8.0 ± 2.9

Appendix G Acronyms
CF

Christiansen Feature

RB

Reststrahlen band

RMS error

Root-mean-square error

SAE

simulated asteroid environment

STO WLS

sum to one constraint weighted least squares

Appendix H Python code
Prior to modeling spectra the matrix form of Eqs. (8) and (9) from Heinz and Chang
(2001) were coded in Python. To test the accuracy of the code we mathematically mixed the
pure end member spectra from Table 3 (Donaldson Hanna et al., 2019, 2021); for example, we
synthesized a mixture spectrum [𝑈]𝑚 where the abundance fractions [𝜁]𝜂 were randomly chosen
𝜂

such that ∑𝑖=1 ζi = 1.0 (see Section 2.30). Using the software we modeled the synthetic spectra
to ensure the abundances were calculated accurately for the STO WLS model prior to modeling
the primitive asteroid analogs.
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CHAPTER FOUR: T-MATRIX AND HAPKE MODELING OF TIR OF
TROJAN ASTEROIDS AND (944) HIDALGO: IMPLICATIONS FOR
THEIR REGOLITH PARTICLE SIZE AND POROSITY
The work presented in this chapter has been accepted for publication in The Planetary
Science Journal on June 20, 2022. See Chapter Four Copyright Permission Letter in APPENDIX
OF COPYRIGHT PERMISSIONS.

Introduction
The Jupiter Trojan asteroids and primitive asteroid (944) Hidalgo represent some of the
most pristine objects in our Solar System (e.g., Emery et al. 2006; Rivkin et al. 2009). The
Trojan asteroids exist in a region where there is a transition of rocky to icy material making them
an interesting target of study (e.g., Emery et al. 2006; Rivkin et al. 2009). Although there exist
many hypotheses regarding the origin of the Trojan asteroids (Marzari et al. 2002; Emery et al.
2006 and references therein), the most widely accepted theory of their origin is that they are
planetesimals trapped during the formation of Jupiter (Marzari et al. 2002). While (944) Hidalgo
is not a Jupiter Trojan asteroid, it is relevant to this study since it is spectrally similar to the
Trojans and is thought to be the remnant of an extinct comet (Campins et al. 2005; Hargrove et
al. 2008). Thus, determining the composition of the Trojan asteroids is important for
understanding the conditions of the solar nebula in the Jupiter region and their connection with
spectrally similar bodies like (944) Hidalgo (Campins et al. 2007; Emery et al. 2006).
Previous reflectance studies of the Trojan asteroids and (944) Hidalgo in the visible to
near-infrared (VNIR) regions of the electromagnetic spectrum showed no distinctive absorption
features indicative of composition although their observed red spectral slopes (increasing

162

reflectance as wavelength increases) could indicate the presence of silicates (Emery & Brown
2004; Campins et al. 2005; Emery et al. 2006 and references therein). The Trojans show two
different spectral types that vary in their spectral slopes - a “red” type and a less red type referred
to as the “gray” type (Emery et al. 2011). The Trojan asteroids modeled in this study are of the
“red” type (Emery et al. 2011).
The spectral features present over the thermal infrared (TIR) portion of the
electromagnetic spectrum are useful in determining silicate mineralogies (e.g., Lyon 1964; Conel
1969; Salisbury & Walter 1989; Moersch & Christensen 1995; Wald & Salisbury 1995; Mustard
& Hays 1997; Hamilton 2000) and their contrast, shape, and position are affected by mineral
chemistry, albedo, particle size, porosity, and near surface thermal environment (e.g., Salisbury
& Eastes 1985; Salisbury & Wald 1992; Sprague et al. 1992; Hapke 1993; Carrier et al. 1991;
Henderson & Jakosky 1994). Spectral features in the TIR have been used to identify silicate
minerals via remote sensing for the Moon, asteroids, comets, and Mars (e.g., Watanbe & Matsuo
2003; Crovisier et al. 1997; Christensen et al. 2001, 2005; Sprague et al. 2002). The Jupiter
Trojan asteroids share a prominent 10 µm plateau with each other which is qualitatively similar
to the spectra of (944) Hidalgo, cometary comae, and other primitive main belt asteroids
(Licandro et al. 2012; Campins et al. 2007; Emery et al. 2006). An example of a primitive main
belt asteroid family that is spectrally similar to the Trojan asteroids is the Themis family
(Licandro et al. 2012). The Themis family shows a plateau near 10 𝜇𝑚 when observed over the
5-14 𝜇𝑚 region using the Spitzer Space Telescope (Licandro et al. 2012), but the feature is not as
prominent as the asteroids in this study (e.g., Emery et al. 2006). In addition to other asteroids,
the Trojan asteroids and (944) Hidalgo also share the 10 µm plateau with outer Solar System
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bodies like short-period comets, Centaurs, and trans-Neptunian objects with low albedos
(Marzari et al. 2002).
The Trojan asteroids not only share similar spectral features with each other, but they are
all in stable orbits around Jupiter called the Lagrange points (Emery et al. 2006). Asteroids (911)
Agamemnon and (624) Hektor reside in the L4 Lagrange point and exhibit a more square-shaped
plateau region. On the other hand, (1172) Aneas is in the L5 Lagrange point and shows a more
rounded plateau (Figure 44). To explain the spectral similarities between asteroids and comets,
previous modeling investigations have been performed of (624) Hektor’s spectrum. Emery et al.
(2006) applied a linear deconvolution algorithm to compare (624) Hektor’s spectrum to ASU and
ASTER lab spectra of olivine (Mg-rich olivine) and enstatite (Mg-rich pyroxene) at the < 75 𝜇𝑚
particle size. Yang et al. (2013) used Hapke to model (624) Hektor’s spectrum with 5 weight %
nanophase iron and 5 weight % Mg-rich olivine (≤ 2 𝜇𝑚 particle size) suspended in a 90 weight
% halite matrix (Izawa et al. 2021). Vernazza et al. (2012) implemented a spectral
decomposition model commonly used to model protoplanetary disks and cometary spectra to
model (624) Hektor’s spectrum and their best fit was with a 0.1-10 𝜇𝑚 particle size amorphous
and crystalline olivine with some pyroxene. The remaining Trojan asteroids (911) Agamemnon
and (1172) Aneas, and primitive asteroid (944) Hidalgo have not been previously modeled.
Furthermore, to our knowledge (624) Hektor’s spectrum has not been modeled with as much
depth as this study where we have varied porosities and particle sizes.
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Figure 44 Emissivity spectra of Trojan asteroids (911) Agamemnon, (1172) Aneas, and (624)
Hektor from Emery et al. (2006), and primitive asteroid (944) Hidalgo from Campins (2006)
over the ∼ 7.5-37.5 µm region showcasing the prominent 10 µm plateau (emphasized in yellow)
in each of the spectra.

Here we present modeling results of TIR spectra of Trojan asteroids and (944) Hidalgo.
The aim of this work is to better characterize the primitive asteroid regolith by modeling the
prominent 10 µm plateau in their spectra. To accomplish this, we used the light scattering
Multiple Sphere T-Matrix (MSTM) Method (Mackowski & Mischenko 1996, 2011; Mackowski
2013) and Hapke reflectance models (Hapke 2012). Similar to Emery et al. (2006) and Yang et
al. (2013), we hypothesize that fine particulate olivine (< 10 𝜇𝑚) with high porosities can
explain the 10 µm spectral feature. In this study we model the Trojan asteroids and (944)
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Hidalgo using porosities of 70, 80, 90, and 95% and fine particles with radii of 0.1, 0.5, 1.0, and
5.0 𝜇𝑚.

Data and Computational Methods
Near Earth Asteroid Thermal Model (NEATM)
The spectral energy distribution (SED) of Trojan asteroids (911) Agamemnon, (1172)
Aneas, and (624) Hektor (plots a, c, and e in Figure 45) were obtained by Emery et al. (2006)
using the Infrared Spectrograph (IRS) on the Spitzer Space Telescope. (911) Agamemnon was
observed on 2004 August 8 at 19.3547 UT, (1172) Aneas on 2004 March 24 at 8.7539 UT, and
(624) Hektor on 2004 March 2 at 3.3639 UT (Emery et al. 2006). All observations were done
using the low spectral resolution mode (R=Δλ/λ~64-128) spanning the 5.2-38 𝜇𝑚 wavelength
range split in 4 separate spectral segments (Emery et al. 2006). See Houck et al. (2004) for more
information about the operational modes of the IRS instrument. We used Dr. Joshua P. Emery’s
SEDs sent directly via email communication on November 6, 2020, that he reduced using the
SPICE tool with the Spitzer IRS pipeline (version S12.0).
We obtained the (944) Hidalgo SED (plot g in Figure 45) using the Spitzer IRS
instrument. Spectra from 10 separate epochs were taken over a period of 11.3 hours centered on
2006 July 24 at 10:52 UTC. The observations used the low-resolution module (R=Δλ/λ~60-130)
spanning the wavelengths 7.5-40 μm in 4 separate spectral segments (“spectral orders” in IRS
terminology). We extracted spectra from pipeline processed data products (version S18.18.0)
using the SPICE tool. Each of the extracted spectral orders (40 spectra each, 587 s exposure
time) where scaled to the median flux density and averaged together, primarily to account for
rotational variability, but also misalignment between the slits and asteroid position. A potential
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artifact known as the “teardrop” (Spitzer Science Center 2012) was removed by trimming the
13.5 to 14.3 μm region from the shortest order in our data set. Small discontinuities remained
between spectral orders. We therefore extrapolated neighboring spectral orders to a common
wavelength to derive order-to-order scaling factors and produce a near-continuous spectrum.
The largest correction was 6%.
To determine the emissivity spectra from the SEDs, we fit a modeled SED which is
essentially a blackbody spectrum to each asteroid SED using C++ code written by Mueller
(2018) based on the Near-Earth Asteroid Thermal Model (Harris 1998) and using the same
NEATM parameters (𝐻𝑣 , 𝐺, 𝑟, Δ, and 𝛼) as Emery et al. (2006) (see Table 25). The optimal fit of
modeled SED to asteroid SED for each asteroid was achieved by adding a chi-square
minimization routine to the Mueller (2018) code to iterate over values within the uncertainties of
pv and η (see Table 2 in Emery et al. 2006 for uncertainties). Note that the uncertainties provided
in Table 25 for (944) Hidalgo are only the values we iterated in between for pv and η. They are
not uncertainties in the values of pv and η. This is because we obtained the values
(𝐻𝑣 , 𝐺, 𝑟, Δ, and 𝛼) for (944) Hidalgo from the JPL Small-Body Database Browser 2021 and
there are no uncertainties associated with the values. We then divided the asteroid SED by the
modeled SED to obtain the emissivity spectrum for each asteroid shown in Figure 45. The
NEATM model fit for each asteroid was over the TIR (∼ 5−38 µm). We have restricted MSTM
and Hapke modeling to the wavelength region around ∼7.5-13.5 µm shown in plots b, d, f, and h
in Figure 45 for two main reasons: (i) the Spitzer data has a known region of excess emission
called the 14 µm teardrop (see https://irsa.ipac.caltech.edu/data/SPITZER/docs/irs/features/), and
(ii) the 10 µm plateau region is the most prominent spectral feature of the asteroid spectra
(Figure 44).
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Table 25 NEATM best fit parameters: Hv is absolute magnitude, pv is visual albedo (determined
by chi- square minimization), η is the asteroid beaming parameter (determined by chi-square
minimization), G is the slope parameter, r is the asteroid-Sun distance, ∆ is the asteroidobserver distance, and α is the phase angle.
Asteroid

Hv

pv

(911) Agamemnon 7.89 0.061+0.024
−0.019
(1172) Aneas
8.33 0.044+0.020
−0.014
(624) Hektor
7.49 0.037+0.028
−0.017
(944) Hidalgo
10.69 0.040+0.02
−0.01

Gc r
(AU)
0.87 ± 0.02 0.15 5.59
0.93 ± 0.04 0.15 5.72
0.93 ± 0.02 0.15 5.19
0.79+0.11
0.15 4.82
−0.19

η

∆
(AU)
5.27
5.43
5.23
4.83

𝛼
(◦)
10.28
9.83
10.96
12.10

References. (1) Mottola et al. 2011; (2) Usui et al. 2011; (3) JPL Small-Body Database Browser
2021; (3) See Emery et al. 2006 Table 1 for asteroid observing parameters
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Figure 45 The best fit NEATM SED is shown in plots a, c, e for the Trojan asteroids, and (944)
Hidalgo is shown in plot g. Plots b, d, f, and h show the ∼ 7.5-13.5 µm portion of the emissivity
spectrum used in the MSTM and Hapke modeling.

Multi-Sphere T-matrix Method (MSTM)
The FORTRAN-90 MSTM method (Mackowski & Mischenko 1996, 2011; Mackowski
2013) is a light scattering model used to optically characterize particulate media (Ito et al. 2017,
2018). It computes the electromagnetic radiation interaction between many particles making it
useful in modeling asteroid regolith (Ito et al. 2017). In the TIR, volumetric scattering becomes
a problem when the particle size is comparable to the wavelength of light around < 25 µm, and
this problem intensifies as particle size decreases (Ramsey & Christensen 1998). However,
MSTM can handle light scattering between particles of this size and wavelength regime making
it ideal for modeling fine particulate regolith (Ito et al. 2017, 2018).
The computations were performed on the Stokes High Performance Computing (HPC)
cluster at the University of Central Florida (Stokes n.d.). Target parameters such as the particle
positions, size parameter (2𝜋𝑟/𝜆, where r is particle radius and λ is the wavelength of light), and
the principal indices of refraction of each mineral in Table 26 are required inputs (Ito et al. 2017,
2018). In light scattering models like the MSTM, optical constants, i.e., complex index of
refraction, represents the composition of a material, and thus, an essential input for modeling
spectra. The complex indices of refraction were specified at each wavelength channel (100
channels) over the ~7.5-13.5 𝜇𝑚 wavelength range. To improve the accuracy in the final MSTM
and Hapke modeled spectrum, the weight contribution of each of the three principal indices of
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refraction for fayalite and forsterite were calculated in Section Complex Indices of Refraction
Weights. To improve the accuracy in the final MSTM and Hapke modeled spectrum, the
contribution of each of the three crystallographic axes to the emissivity spectrum of fayalite and
forsterite were calculated in Section 2.2.1. Additional user specified parameters for MSTM may
be found in the Appendix. Minerals in Table 26 were chosen for modeling based on those
present in comet Hale-Bopp, C03 carbonaceous chondrites meteorites, and CY chondrites
meteorites which show a prominent 10 𝜇𝑚 feature in their spectra (Crovisier et al. 2000; Emery
et al. 2006; Bates et al. 2021). These planetary bodies are composed of silicates, mainly olivine
and pyroxene, with minor amounts of other silicates including phyllosilicates, sulfides, and
carbonates (Brearley & Jones 1998 pp. 313-398; Crovisier et al. 2000; Bates et al. 2021). The
particle positions and radii were specified using a Python script we wrote that generates the xyz
coordinates of each monodispersed, spherical particle in a rectangular prism (the size of the
prism was based on the assumption that 𝜌𝑉𝑚 = 𝑛𝑉𝑝 where 𝜌 is packing density, 𝑉𝑚 is volume of
whole medium, 𝑛 is number particles, and 𝑉𝑝 is volume of particles). For example, a rectangular
prism with n = 200 particles of the 0.5 𝜇𝑚 radii size and 70% porosity would have a volume of
𝑉𝑚 = 350 𝜇𝑚3 . A single rectangular prism containing all the particles was used for a single
model run. For example, if only olivine was modeled then the particles in the rectangular prism
would be all olivine for a single model run. Likewise, if a mixture of several minerals was
modeled then the rectangular prism would contain all the minerals at their chosen abundances for
a single model run.
Initially, we modeled each mineral at the 0.5 µm radii size. We used ~200-300 nonoverlapping particles (to avoid strange transmission effects when k is low). There are two main
parameters that effect the computational time. One is the size parameter (ratio of particle radii to
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the wavelength of light), so the code will take longer to run at short wavelengths (where the
particles size/wavelength ratio is larger) than at longer wavelengths. Another parameter that
increases the computational time is whether MSTM is run in fixed or random orientation of light
(see Appendix I MSTM Parameters for more details). A rectangular prism of 200-300 particles at
the 0.5 micrometer radii size (random orientation) may take a few hours to run. But a
rectangular prism with the same number of particles but all at the 5 micrometer radii size can
take up to ~100 days to run in the random orientation. Output by MSTM consists of the
extinction and scattering efficiencies, 𝑄𝑒𝑥𝑡 and 𝑄𝑠𝑐𝑎 , at each wavelength channel. The ratio of
these efficiencies is the single scattering albedo, which is a required input for the Hapke model.
Furthermore, the single particle phase function describes scattering of power by a particle
(Hapke 2012) and is also output by MSTM and required for input in Hapke.
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Table 26 Summary of particle sizes and chemical formulas for MSTM and Hapke modeled
minerals
Modeled mineral

Chemical formula

Fosterite
Fayalite
Enstatite
Amorphous pyroxene

Mg2SiO4
Fe2SiO4
MgSiO3
Mg0.95Fe0.05SiO3

Amorphous pyroxene

Mg0.80Fe0.20SiO3

0.5

5.0

Amorphous pyroxene

Mg0.60Fe0.40SiO3

0.5

5.0

Amorphous pyroxene

Mg0.50Fe0.43Ca0.03Al0.04SiO3

0.5

5.0

Amorphous pyroxene

Mg0.40Fe0.60SiO3

0.5

5.0

Amorphous olivine

Mg0.80Fe1.20SiO4

0.5

5.0

Amorphous enstatite

MgSiO3

0.5

5.0

Amorphous forsterite

Mg2SiO4

0.5

Troilite

FeS

0.5

Calcite

CaCO3

0.5

Muscovite Mica

Al2K2O6Si

0.5

Orthopyroxene

Mg 2 Si2 O6

0.5

Kaolinite

Al2 Si2 O5 (OH)4

0.5

Serpentine

C21 H21 N2 O3+

0.5

Pyrophylite

Al2 Si4 O10 (OH)2

0.5

Montmorillonite

Al2 H2 O12 Si4

0.5

Saponite

Al4 H12 Mg18 O72 Si21

0.5

Palagonite

Pahala ash from the beach at South
Point, Hawaii, see Roush et al. 1991
and Crisp & Bartholomew 1989
NaCl

0.5

Halite

Particle sizes (µm)
0.1
0.1
0.1

0.5
0.5
0.5
0.5

1.0
1.0
1.0

5.0
5.0
5.0
5.0

0.5

References. (1) https://www.astro.uni-jena.de/Laboratory/OCDB/crsilicates.html; (2) Scott &
Duley 1996; (3) Henning & Stognienko 1996; (4) Singleton & Shirkey 1983; (5) T. Glotch,
personal communication, April 13, 2021
173

Each mineral’s modeled emissivity spectrum was plotted against the asteroid spectra for
comparison. All minerals were initially modeled at the 0.5 𝜇𝑚 particle size, but for modeled
minerals showing the lowest RMS errors (e.g., forsterite, fayalite, and enstatite), we modeled
additional particle radii sizes of 0.1, 1.0, and 5.0 µm to improve the model fit from the 0.5 µm
particle size. Bulk porosities (volume ratio of void space to particles in a single rectangular
prism) of 70, 80, 90 and 95% were modeled for each mineral to determine the best fit to asteroid
spectra and test whether high porosities like those in cometary comae were necessary to get the
best fit (Emery et al. 2006; Rivkin et al. 2009; Yang et al. 2013).
Complex Indices of Refraction Weights
The complex indices of refraction n (𝑛𝑥 , 𝑛𝑦 , 𝑛𝑧 ) and k (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧 ) for fayalite (Fe-rich
olivine) and forsterite (Mg-rich olivine) are plotted in the top and middle panels of Figure 46,
Figure 47. Their complex indices of refraction have x, y, and z contributions because they are
crystal minerals that possess three crystallographic axes. We calculated a spectrum using the n
and k complex indices of refraction and compared the results to measured coarse particulate
emissivity spectra of fayalite and forsterite with the following method based on Glotch et al.
(2006). First, the laboratory spectra of fayalite (710-1000 µm particle size fraction) and
forsterite (San Carlos olivine, 250-500 µm particle size fraction) were obtained from the Arizona
State University (ASU) spectral library (Christensen et al. 2000) and the Planetary Analogue
Surface Chamber for Asteroid and Lunar Environments (PASCALE) at the University of Oxford
(Donaldson Hanna & Bowles 2020), respectively. These spectra are plotted in the bottom panels
of Figure 46 and Figure 47. The Fresnel equations, which describe the reflection and
transmission of an electromagnetic wave by a plane boundary (Hapke 2012), are used to produce
a reflectance spectrum for each complex index of refraction. The reflectance spectrum is
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inverted to emissivity using Kirchhoff’s Law (E=1-R where R is reflectance). For example, if
we input the x contribution complex index of refraction (e.g. 𝑛𝑥 𝑎𝑛𝑑 𝑘𝑥 ) into the Fresnel
equations then we retrieve the x contribution to the emissivity spectrum (𝐸𝑥 ). We then repeat
this process using the y (e.g. 𝑛𝑦 𝑎𝑛𝑑 𝑘𝑦 ) and z complex indices of refraction (e.g. 𝑛𝑧 𝑎𝑛𝑑 𝑘𝑧 ) to
obtain the y and z contribution to the emissivity spectrum or 𝐸𝑦 and 𝐸𝑧 . With this spectral
library of 𝐸𝑥 , 𝐸𝑦 , 𝑎𝑛𝑑 𝐸𝑧 and a WLS linear model we fit the coarse laboratory spectra. The WLS
linear model is appropriate for coarse particle spectra (surface scattering dominates) since
particle sizes are large compared to the wavelength of light (Ramsey & Christensen 1998;
Rogers & Aharonson 2008). We also minimized the root-mean-square (RMS) error in the
weighted least squares (WLS) model fit with respect to the angle of incident light, θ, in the
Fresnel equations by iterating θ from 0◦ to 90◦ in 1◦ increments. We performed the angle of light
minimization to obtain the best fit to the laboratory spectra and because emissivity spectra are
independent of the angle of incident light. Finally, with the WLS retrieved abundances
(blackbody normalized) were the weight contributions of each of the three complex indices of
refraction (referred to as A, B, and C in Table 27 and Figure 46 and Figure 47). For example, in
Table 27 for fayalite the best fit obtained in the bottom panel of Figure 46 would have weights
of 39.5%, 31.0%, and 29.4% (Table 27) for A, B, and C respectively. So, the emissivity
spectrum shown in the bottom panel of Figure 46 (labeled as modeled; dashed line) is
reproduced by 𝐸 = 𝐴 𝐸𝑥 + 𝐵 𝐸𝑦 + 𝐶 𝐸𝑧 = 0.395 𝐸𝑥 + 0.31 𝐸𝑦 + 0.294 𝐸𝑧 . This method using
the Fresnel equations and WLS linear model was used to determine the weights of the complex
indices of refraction (Table 27) for both fayalite and forsterite (see Figure 46 and Figure 47).
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Table 27 Measured olivine particle sizes, angle of incident light θ chosen to minimize the RMS
error in the WLS fit, and the complex indices of refraction weights (A, B, C).

forsterite

Particle sizes
(µm)
250-500

θ
A
(%)
(°)
31
41.6

B
(%)
32.6

C
(%)
25.8

fayalite

710-1000

0

31.0

29.4

Mineral

39.5

Figure 46 Fayalite complex indices of refraction n (top panel) and k (middle panel) shown for
the three principal indices of refraction. The ASU laboratory fayalite spectrum is shown in the
bottom panel (Christensen et al. 2000; solid). The modeled spectrum (bottom panel, dashed
curve) is plotted with weight contributions of (39.5%, 31.0%, 29.4%) for (A, B, C), respectively.
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Figure 47 Forsterite complex indices of refraction n (top panel) and k (middle panel) of the three
complex indices of refraction. The Oxford laboratory forsterite spectrum is plotted in the bottom
panel (Donaldson Hanna & Bowles 2020; solid curve). Modeled spectrum plotted with weight
contributions of (41.6%, 32.6%, 25.8%) for (A, B, C), respectively (bottom panel, dashed curve).

Hapke Reflectance Model
Following the calculation of scattering parameters by MSTM, the isotropic multiplescattering approximation (IMSA) model, a widely used equation in planetary science to study
light reflected from planetary bodies, was used to approximate bidirectional reflectance (Hapke
2012). It is given by (Equation 8.60 in Hapke 2012):

𝑤

𝑟(𝜇, 𝜇𝑜 , 𝛼) = 4𝜋 𝜇

𝜇𝑜
𝑜 +𝜇

[𝑝(𝛼) + 𝐻(𝜇)𝐻(𝜇𝑜 ) − 1

(9)
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The Hapke model is needed after MSTM modeling because the scattering parameters that
MSTM outputs must be input to Hapke to obtain a reflectance spectrum that we invert to
emissivity.
The single-scattering albedo, w, in Equation (9) is found by dividing the extinction
efficiency Qext by the scattering efficiency Qsca, which are output by MSTM. Additional output
by the MSTM includes the single particle phase function p(𝛼). We extract the corresponding
p(𝛼) from the MSTM output based on the phase angle 𝛼 from Table 25. The variables µ and µo
in Equation (9) are the cosines of the reflection angle and cosine of the incidence angle,
respectively. H(𝜇𝑜 ) and H(𝜇) in Equation (9) is the Ambartsumian-Chandrasekhar H function
(equation 8.53 in Hapke 2012) approximated by

1+2𝑥

𝐻(𝑥) ≅ 1+2𝑥,

( 10 )

1+2𝑥

𝐻(𝑥) ≅ 1+2𝑥,

( 11 )

where H(𝜇𝑜 ) and H(𝜇) are substituted in for 𝐻(𝑥). Python code written by Dr. Jessica Arnold (J.
Arnold, personal communication, July 17, 2020), which computes Equations (9), (10), (11) and
implements the miepython module2, was used to determine the Hapke bidirectional reflectance.
After the calculation of the bidirectional reflectance, the modeled emissivity spectrum for a

2

https://miepython.readthedocs.io/en/latest/03 angular scattering.html
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single mineral is obtained by inverting reflectance using Kirchhoff’s Law (e=1-r, where e is
emissivity and r is reflectance).
Weighted Least Squares (WLS) Method
The MSTM and Hapke modeled emissivity spectra for individual minerals were
combined linearly using a WLS model. The WLS model is only used to narrow down possible
parameters such as the number of endmembers in the spectral library and porosities to reduce the
number of model iterations and thus computational time needed to find the lowest RMS error
(best model fit). Without using the WLS model we would have had to search through more
parameter space to find the best model fit. To start, the minerals from Table 26 were modeled
individually to produce a single emissivity spectrum (e.g., a forsterite spectrum at 100%
abundance was modeled at a single particle size and porosity) using MSTM and Hapke. Next,
the individually modeled minerals were then used as end members in a spectral library supplied
to the WLS model to fit an asteroid spectrum. However, the mineral abundances particle sizes,
and porosities obtained using the WLS were only used as starting points for the final method
discussed in Section Computation of the Final TIR Spectra. This is because the WLS linear
model does not accurately model fine particulate (<10 µm) emissivity spectra due to the
nonlinear mixing that occurs across thermal infrared wavelengths (Lowry et al. 2022). Despite
this inaccuracy, the WLS method aided in narrowing down the number of possible particle sizes,
porosities, and minerals needed to model each asteroid spectrum using the final method. The
WLS computed abundance uncertainties arise from the uncertainties associated with each
asteroid’s measured spectrum. The minerals being modeled by WLS are fit to the asteroid
spectrum, but since we have uncertainty bars on each asteroid spectrum this leads to a degree of
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uncertainty in the computed abundances. The results of the WLS method are found in Section
Data and Computational Methods. A summary of this method can be found in STEPS 1, 2, and
3 in Figure 48.

Computation of the Final TIR Spectra
Following the WLS method outline in the last section, and to obtain the final fit, we used
the abundances derived from the WLS modeling as input into the MSTM and Hapke models. So,
the computation of the final TIR spectra method is a continuation of the WLS method described
in the previous section. The mineral abundances derived from WLS are the most likely minerals
(particle sizes and porosity) to fit the spectrum. We began by specifying the particles sizes
(shown in Table 28) and optical constants in the MSTM input for each particle. Other
information included in the MSTM input files was the bulk porosity which we determined by
averaging column 5 in Table 28 for each asteroid. For example, the WLS method retrieved
fayalite and forsterite at porosities of 70 and 80% (column 5 of Table 28), respectively, which
were then averaged to give a resulting 75% (average of column 5 in Table 28 for (944)
Agamemnon) set by specifying the xyz positions of each particle in MSTM. For example, to
represent the computed WLS abundances for (911) Agamemnon, 54% by volume of the 0.5
𝜇𝑚 size particles were set to fayalite and 46% by volume of the same particle size to forsterite.
We did not iterate over bulk porosities in this method to limit the number of free variables.
Following output by MSTM of the scattering efficiency, extinction efficiency, and single
particle phase function, the Hapke model was run using the scattering parameters computed by
MSTM for each iteration. Multiple iterations of MSTM and Hapke were performed by adjusting
the mineral abundances by ±5% by volume (always summing to 100%) while porosity was held
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constant to find the minimum RMS error between the model and each asteroid spectrum. For
example, we started modeling 54% by volume fayalite and 46% by volume forsterite to fit the
(944) Agamemnon spectrum. In the next iteration we adjusted the abundances to 59% by
volume fayalite and 41% by volume forsterite. We repeated this process of adjusting the
abundances while we observed the RMS error decreasing. So, in the case of (944) Agamemnon
we continued to increase the volume % of fayalite (decreasing the volume % of forsterite) since
we observed the RMS error decreasing and found the lowest RMS error was by modeling 100%
by volume fayalite (Table 29). Note that abundance uncertainties computed by WLS were
considered during iteration of the models by iterating within the uncertainty values. The RMS
error which quantifies the ``goodness of fit" for a single model iteration and is given by

𝑚

𝑅𝑀𝑆 = √∑

𝛿(𝜆)2𝑗

𝑗=1

𝑚

where m is the number of wavenumbers, and 𝛿(𝜆) is the residual error (difference between
modeled and measured spectrum). This process resulted in our final fits discussed in the Results
section with the RMS errors located under the asteroid name in each plot and in the last column
of the tables. A summary of this method is shown in STEPS 3, 4, and 5 of Figure 48.
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Figure 48 Summary of the full methodology. Note that STEPS 4 and 5 do not use the WLS
model.

STEP 1: MSTM and Hapke
models were used to model
individual minerals at
varying particle sizes and
porisities (Table 2)

STEP 2: Combined individual
mineral spectra from STEP 1
using a WLS model

STEP 3: Retrieved the WLS
model computed
abundances, particle sizes,
and porosities resulting from
STEP 2

STEP 4: Combined minerals
in proportion to abundances,
particle sizes, and porosities
found in STEP 3 into a single
rectangular prism to run in
MSTM and Hapke models

STEP 5: Iterated abundances
in MSTM and Hapke models
until the lowest RMS error
was obtained

Results
WLS Method
Modeled mineral abundances, uncertainties, and fit are shown in Table 28 and Figure 49.
The WLS model fit a higher abundance of fayalite than forsterite to the (911) Agamemnon,
(1172) Aneas, and (944) Hidalgo spectra. Fayalite and forsterite were both fit to the (624)
Hektor spectrum with a higher abundance of fayalite than forsterite. Additionally, the WLS fit
the spectrally flat end member troilite to the (1172) Aneas and (944) Hidalgo spectra to lower the
spectral contrast of the 10 µm plateau in the modeled spectrum. Mineral porosities ranged from
50-95% with particle sizes of either 0.5 or 1.0 µm for all model fits.
The model fit to spectra for the Trojans in Figure 49, plots a, b, and c are within most of
the uncertainty bars, but near 12 µm there is an obvious difference observed between the
measured and the modeled spectra – an emissivity peak, due to the crystalline nature of olivine
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(versus amorphous olivine), in the model that is not observed in the measured spectra. The
mismatch is not as pronounced in the (911) Agamemnon spectrum fit as it is in the other
asteroids. An additional discrepancy is observed from ∼10-11 µm in the (1172) Aneas spectrum
fit where there is a difference in slope between the modeled and measured spectrum, i.e., the
modeled spectrum showed a more negative slope in this wavelength region. Furthermore, the
model fit to lower emissivity values that are outside of the uncertainty bars of the Aneas
spectrum.
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Table 28 WLS method modeled abundances (volume %)
Asteroid

(911)

Particle size Mineral

Abundances Porosity

(µm)

(volume %)

RMS error

(%)

0.5

Fayalite

54±2

70

0.5

Forsterite

46±2

80

1.0

Fayalite

37±2

90

1.0

Forsterite

37±3

80

0.5

Troilite

26±1

70

0.5

Fayalite

73±1

70

0.5

Forsterite

26±1

70

0.5

Fayalite

45±14

70

0.5

Forsterite

35±22

50

0.5

Troilite

19±11

95

1.09E-02

Agamemnon

(1172) Aneas

(624) Hektor

(944) Hidalgo
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1.15E-02

1.03E-02

2.06E-02

a

b

c

d

Figure 49 WLS model fits (red lines) to Trojan and (944) Hidalgo spectra (gray lines)
corresponding to Table 28.

Computation of the Final TIR Spectra Results
Results for the abundances derived from MSTM and Hapke modeling are shown in Table
29 and the resulting model fits in Figure 50. The (911) Agamemnon and (1172) Aneas spectra
had the best model fits or lowest RMS errors. We fit 100% fayalite (911) Agamemnon to obtain
the lowest RMS error while the (1172) Aneas spectrum required fayalite, forsterite, and troilite to
obtain the lowest RMS error. The Trojan model fits (Figure 50, plots a, b, and c) show a
difference between measured and modeled spectra near 12 µm resulting from a peak in
185

emissivity in the model that is not seen in the measured spectra. The crystalline nature of
olivine versus amorphous is what causes the peak in emissivity observed in the modeled
spectrum. This mismatch is the most pronounced in the (624) Hektor spectrum, and it is the least
pronounced in (1172) Aneas. Furthermore, the largest differences, and RMS error between
modeled and measured spectra was observed in (624) Hektor. Multiple portions of the modeled
spectrum including ~8-8.4 𝜇𝑚, ~9-10.2 𝜇𝑚, ~11 𝜇𝑚, and ~12-13 𝜇𝑚 were outside of the
uncertainty bars of the (624) Hektor spectrum. Note that the (944) Hidalgo uncertainty bars in
the spectrum were large with respect to the spectral features so that the model fit is not unique;
many different abundances of minerals could possibly have shown a similar fit, but not have the
lowest RMS error as seen in Figure 50, plot d. The bulk porosities for the final fits were
between 70-80% for all the asteroids. This range of porosities is comparable to lunar-like
porosities present in the lunar regolith that may range from ~74-87% (Hapke & Sato 2016).
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Table 29 Final method modeled abundances
Asteroid

Particle size
(µm)
((911) Agamemnon 0.5
(1172) Aneas
1.0
1.0

(624) Hektor
(944) Hidalgo

Mineral
Fayalite
Fayalite
Forsterite

Abundance
(volume %)
100
49
33

0.5

Troilite

18

0.5
1.0
1.0

Fayalite
Fayalite
Forsterite

100
48
48

1.0

Troilite

4
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Bulk porosity RMS error
(%)
75
1.35E-02
80
1.67E-02

70
70

2.58E-02
1.93E-02

a

b

c

d

Figure 50 MSTM and Hapke method results of modeling Trojan and (944) Hidalgo spectra with
abundances shown in Table 29.

Discussion
In this study we modeled primitive asteroid spectra using the light scattering MSTM and
Hapke reflectance models. To summarize, we modeled 21 crystalline and amorphous structured
minerals with varied particle sizes and porosities. We found that a mixture of fine particulate
(0.5 and 1.0 µm particle sizes) olivine components (e.g., fayalite and forsterite) and sometimes
troilite (∼1-3 minerals required to model each asteroid spectrum) at lunar-like porosities, were
required to model the 10 µm plateau over the ~7.5-13.5 µm region of the TIR. The parameters
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of composition, particle sizes, and porosities required for modeling the asteroid spectra are
discussed below in more detail as well as their implications.
Martin et al. (2021), Izawa et al. (2021), Yang et al. (2013), and Emery et al. (2006) have
previously shown that the Trojan spectra could be modeled by spectra of fine particulate olivine
embedded in a transparent matrix such as a salt (e.g., halite or potassium bromide). In Yang et
al. (2013), their best fit to the (624) Hektor spectrum contained 25% by volume halite. To
compare our study to Yang et al. (2013), and with the goal of obtaining the best fit to (911)
Agamemnon spectrum, we modeled 25% by volume halite with 75% by volume fayalite at the
0.5 𝜇𝑚 particle size (Figure 51). The complex indices of refraction for halite were measured by
Dr. Timothy Glotch at Stonybrook University (Glotch et al. 2016) and they are publicly available
at http://aram.ess.sunysb.edu/tglotch/optical_constants.html. This combination of halite and
fayalite simulated a bulk porosity of 75%. With the addition of halite, as a proxy for porosity
since it is relativity transparent in the TIR, we observed a similar fit to that without the halite, but
with slightly larger RMS error since the slopes on both sides of the 10 𝜇𝑚 plateau are better fit
without it (Figure 51). So, we determined that a transparent matrix such as halite is not
necessary for modeling the ~7.5-13.5 µm plateau region. The modeling sufficiently reproduces
porosity without having to use halite as a proxy.
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Figure 51 (911) Agamemnon modeled using 25% by volume halite and 75% by volume fayalite
(green). The modeled spectrum of 100% by volume fayalite at the 0.5 µm particle size and with
a bulk porosity of 75% is shown in blue for comparison (identical to Figure 50, plot a). The
measured spectrum of (911) Agamemnon is shown in grey.

Both (911) Agamemnon and (624) Hektor spectra were fit using fayalite (Fe-rich olivine)
in 100% abundance with similar bulk porosities suggesting a possible compositional trend in the
L4 Trojan population. This is not surprising due to the similar shape of their spectra; they show
a square-shaped 10 µm plateau (Figure 50) compared to the more rounded plateau in the (1172)
Aneas and (944) Hidalgo spectra. Similar spectral features and model results between (1172)
Aneas and (944) Hidalgo indicate that they could have formed under similar conditions in the
same region of the solar nebula. To fit the (1172) Aneas and (944) Hidalgo spectra, a mixture of
fayalite, forsterite, and troilite were required. Based on this result, for fayalite and forsterite, we
anticipate that an intermediary olivine composition with roughly equal amounts of iron and
magnesium would fit these spectra (Koeppen & Hamilton 2008). For example, if the optical
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constants had been available, we could have begun the modeling and likely achieved a similar fit
using the optical constants for an intermediary olivine instead of pure fayalite and forsterite.
However, the optical constants for intermediary olivine compositions have yet to be measured.
The Trojan asteroids and (944) Hidalgo are not only qualitatively spectrally similar, but
also show similar mineralogy to that of cometary comae and meteorites. The spectra of the
Trojan asteroids and (944) Hidalgo have 10 𝜇𝑚 plateaus similar to the spectra of cometary
comae and carbonaceous chondrite meteorites (Emery et al. 2006), which are composed
primarily of fine particulate olivine (~0.2 − 0.5 𝜇𝑚) (Campins & Ryan 1989; Hanner et al.
1984; 1994). Our modeling results for the (624) Hektor spectrum may be compared to comet
Hale-Bopp whose spectrum is very similar in shape near 10 𝜇𝑚 (see Figure 9 in Emery et al.
2006). Hale-Bopp’s spectrum revealed the presence of crystalline Mg-rich olivine (22%,
Crovisier et al. 2000), and amorphous and crystalline pyroxene (78%, Crovisier et al. 2000) at
very small particle sizes (peak of 0.2 𝜇𝑚) (Emery et al. 2006). However, more recently Harker
et al. (2002, 2004) and Lisse et al. (2007) found a much higher abundance of Mg-rich olivine
~50-60% compared to the 22% found by Crovisier et al. (2000). The best spectral matches to the
Trojan asteroid spectra to date are the CO3 and CY carbonaceous chondrites (Figure 5 in Emery
et al. 2006; Figure 5, plots c and d in Bates et al. 2021). The CO3 carbonaceous chondrite
meteorites have a very fine grained (< 0.5 𝜇𝑚) matrix composed of anhydrous Fe-rich olivine
(<Fa1 to Fa60 ), high- and low-Ca pyroxene, Fe and Ni metal, magnetite, pentlandite, pyrrhotite,
anhydrite, and minor amounts of phyllosilicates (Brearley & Jones 1998, pp. 313-398).
Mineralogical studies of the CY meteorites in Bates et al. (2021) showed a high abundance of
olivine (Fo70) and pyroxene with up to 30% by volume Fe-sulfide and minor amounts of
carbonate and metal. Our modeling results, which suggest the Trojan asteroids and Hidalgo are
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composed of fine particulate olivine, corroborate these published results of comet Hale-Bopp and
the CO3 and CY meteorites.
Although we modeled the spectra using single particle sizes, we know that complex
particle size distributions (PSD) are present in asteroid regolith (e.g., Hörz & Cintala 1997). In
this study we are only emphasizing the spectrally dominant particle size of the particle size
distribution (PSD) present in the asteroid regolith. Since the Trojan and (944) Hidalgo spectra
closely resemble that of cometary comae (Emery et al. 2006) we wanted to test similar particle
sizes to those of comae. We tested a PSD of 0.1-0.5 µm with a peak at 0.2 µm, based on
cometary comae PSDs from Hanner et al. (1984), which resulted in a poorer fit or higher RMS
error between the modeled and measured spectra when compared to a single particle size.
However, this does not mean that there is only one particle size on the surface of these asteroids,
but that our modeling emphasized the spectrally dominant particle size of the PSD present on the
surface. The modeled PSD spectrum is plotted against a modeled spectrum of a single particle
size in the Appendix, Figure 52, plot b.
In addition, we tested the effects of porosity on our model results. Despite the asteroid
spectra resembling those of cometary comae (Hanner et al. 1994), we found that cometary
comae-like porosities are not necessary to model the Trojan spectra as previously proposed by
Izawa et al. (2021) and Emery et al. (2006). We were able to model the Trojan and (944)
Hidalgo spectra using porosities in the 70-80% range, which is comparable to lunar regolith
porosities of 74-87% (Hapke & Sato 2016). These are lower porosities than cometary comae
porosities estimated to range from ~84-97% (Lasue et al. 2008). Figure 9 in Emery et al. (2006)
shows the cometary spectra of Hale-Bopp and SW1 plotted against the spectrum of (624) Hektor.
The cometary spectra have a significantly higher spectral contrast in their 10 μm plateau
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compared to the Trojans (Emery et al. 2006). This suggests that cometary spectra could possibly
be modeled with lower porosities since our modeling shows that spectral contrast increases with
decreasing porosity (compare plots a and c in Figure 7). This range of porosities of the lunar
regolith result from bombardment of the lunar surface over billions of years; on an airless body,
impacts break up the surface rocks and regolith and scatter the fragments leading to the presentday particle sizes and porosity (Fraknoi 2016). Additionally, electrostatic dust lofting may be a
contributor to the current porosity of the lunar regolith (Hood et al. 2018). Thus, we emphasize
that cometary comae-like porosities are not required to model the Trojan and (944) Hidalgo
spectra as previously thought.
Differences between the model fits and measured spectra were observed in all the
asteroid spectra (Figure 50). The peak in emissivity seen near 12 µm in all the modeled spectra
is a feature present in modeled crystalline fayalite and forsterite (see Figure 50) and San Carlos
olivine laboratory spectra (Hamilton 2010; Hamilton & Christensen 2000; Campins & Ryan
1989). This peak is sharper in the modeled crystalline olivine compared to the laboratory
spectra, which is more rounded (e.g., Figure 1 in Hamilton 2010). Also, there is a lack of the
peak in laboratory amorphous olivine (e.g., Figure 1 in Dorschner et al. 1995). The dampening
of the 12 µm peak in emissivity in the Trojan and (944) Hidalgo spectra is likely due to some
low albedo material mixing with the olivine to reduce this feature along with amorphization of
olivine. Space weathering laboratory experiments have shown that crystalline olivine may be
amorphized by solar wind (Yang et al. 2013). Since the Trojan spectra are missing this peak in
their spectra, we suggest that the Trojan surfaces have experienced some level of mixing in their
surface regolith meaning that we are measuring a spectral mixture of olivine with other low
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albedo material(s) that exist on the asteroid surfaces, and amorphization of olivine affecting the
crystal structure of olivine present on their surfaces.

Conclusions
We modeled three Jupiter Trojan asteroids and (944) Hidalgo using a mixture of olivine
components at the 0.5 and 1.0 µm particle sizes with lunar-like porosities in order to fit their TIR
spectra in the ~7.5 − 13.5 𝜇𝑚 region. Based on the results of this study, we anticipate that an
intermediary olivine composition with approximately equal amounts of magnesium and iron
would fit the (1172) Aneas and (944) Hidalgo spectrum. However, these optical constants have
yet to be measured and could not be used in this analysis. Asteroids (911) Agamemnon and
(624) Hektor are both in the L4 group and were best fit using a 100% abundance of fayalite,
suggesting a possible compositional difference between the L4 and L5 Trojan asteroids.
However, with our small sample size this is left as future work to include more Trojans in the L4
group. Our modeling results show that compositionally the Trojan asteroids and (944) Hidalgo
are consistent with the composition of spectrally similar bodies such as comet Hale-Bopp (very
high porosity) and CO3 and CY chondrite meteorites (relatively low porosity). However, our
modeled porosities that fit the asteroid spectra are not comparable to comet Hale-Bopp but are
instead similar to those present on the lunar surface. Additionally, we showed that including a
transparent matrix such as a salt (e.g., halite) did not improve the model fit to the asteroid
spectra.
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Appendix I MSTM Parameters
Additional MSTM user-specified parameters include fixed versus random orientation of
light, single particle size versus particle size distribution (PSD), and rectangular versus spherical
target. Fixed orientation of light accounts for the light source hitting the target (the collection of
particles) from a single direction with the light rays in parallel. On the other hand, random
orientation of light considers light incoming to the target from all directions and is more
computationally expensive. The fixed orientation of light (Figure 52, plot a), due to
computational expense (>24 hours per 1 iteration or wavelength channels; 100 wavelength
channels were computed), was used for the larger particle sizes of 1.0 and 5.0 𝜇m. For particles
of size less than 1.0 𝜇m random orientation of light was chosen since the iterations are shorter
for smaller particle sizes.
In Figure 52, plot a there is a slight discrepancy between the fixed vs. random orientation
for fayalite in the 0.5 𝜇m particle size. We observed a large discrepancy between a single
particle size versus a PSD in Figure 52, plot b. The single particle size resulted in a smaller RMS
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error and overall better fit to the 10 𝜇𝑚 plateau between measured and modeled asteroid spectra.
There is little difference between the rectangular vs. spherical target shown in Figure 52, plot c
especially in the region we modeled near ~7.5-13.5 𝜇m so the rectangular shaped target was used
in this work since this is the standard in previous uses of MSTM (Ito et al. 2017, 2018).

a

b

c

Figure 52 Comparison between random vs. fixed orientation of light (plot a), a single particle
size vs. a particle size distribution (0.1-0.5 µm with a peak at 0.2 µm) (plot b), and a rectangular
vs. spherical target (plot c) for modeled fayalite. Plots a, b, and c show modeled fayalite at the
0.5 µm particle size.
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Acronyms
TIR

Thermal infrared

MSTM

Multiple Sphere T-matrix Method

NEATM

Near-Earth Asteroid Thermal Model

PSD

Particle size distribution

SED

Spectral energy distribution

WLS

Weighted linear least squares
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CHAPTER FIVE: RADIATIVE TRANSFER MODELING OF TIR
SPECTRA OF LUNAR REGOLITH
Introduction
Lunar regolith retrieved samples can be used to characterize regolith properties such as
composition, particle sizes, and space weathering effects using remote sensing observations (e.g.,
Greenhagen et al. 2010; Glotch et al. 2010, 2011, 2015; Allen et al. 2012; Donaldson Hanna et
al. 2012a, 2015a; Lucey et al. 2016). In general, lunar regolith is primarily composed of
plagioclase (e.g., anorthite), clinopyroxene, orthopyroxene, olivine, ilmenite, agglutinates, and
volcanic glass (Taylor et al. 1996). There are some compositional differences between the
highlands and the mare regolith. The highland regolith consists of agglutinates, felspathic
breccias, and mare basalt fragments and its mineral fragments are dominated by plagioclase
feldspar and pyroxene (Taylor et al. 2010). The mare soils are mainly composed of agglutinates,
plagioclase, and high-Ca pyroxene with minor components of olivine, ilmenite, and volcanic
glass (Taylor et al. 1996).
The exposure of the lunar regolith to the harsh environment of space causes a physical
and chemical change to the regolith known as space weathering. The upper ~1 mm of lunar
regolith is affected by uninhibited micrometeoroid impacts, solar wind ion sputtering, and
galactic cosmic ray bombardment (Pieters & Noble 2016, Morris 1978). The mechanisms of
space weathering result in accumulation of products in the lunar regolith such as nanophase iron
and agglutinates. Micrometeorites and solar wind produce nanophase iron from the reduction of
𝐹𝑒 2+ in silicate and oxide phases present in the regolith (Keller & McKay 1997, Noguchi et al.
2011, Burgess & Stroud 2018). Agglutinates are small deposits of fragments of minerals and
glass formed from micrometeorite impacts that transfer their kinetic energy of impact into the
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regolith and the energy goes into vaporizing the impactor and glass welding the impacted
minerals (McKay 1991, Taylor et al. 2001). The agglutinates are dark due to the infusion of
nanophase iron particles (Lucey et al. 2017). The sizes of nanophase iron particles range from 110 nm on vapor-deposited rims (Keller & Clement 2001). They may be up to hundreds of
nanometers in size in agglutinates (Keller & Clement 2001).
Space weathering mechanisms mature the regolith which is defined by the abundance of
nanophase iron present in the bulk soil (Morris 1978). To quantify the maturity of the regolith,
the ratio Is /FeO is used which is the ratio of the intensity of the characteristic ferromagnetic
resonance (FMR) of a lunar soil normalized to its total iron content (Morris 1978). Using this
ratio, the lunar regolith may be classified into mature (Is /FeO ≥ 60), submature (Is /FeO = 3059), and immature (Is /FeO =0-29). Table 30 shows the maturity levels of the Apollo lunar
regolith samples used in this study. Space weathering is important because it affects the spectral
properties of the lunar regolith.
TIR Effects of Space Weathering
Effects on TIR spectral features from space weathering have been observed by NASA’s
Diviner Lunar Radiometer Experiment (e.g., Lucey et al. 2006, 2017, Glotch et al. 2015). The
products of space weathering, nanophase iron and dark glass, lower the albedo of the regolith
therefore decreasing the spectral contrast of features (e.g., Lucey et al. 2006, 2017, Donaldson
Hanna et al. 2017). More specifically, we see a shift in the CF to longer wavelengths and a
decrease in spectral contrast between the CF and RB as a function of the thermal gradient which
depends on the albedo of the regolith shown in Figure 53 (e.g., a lower albedo corresponds to a
steeper thermal gradient) (e.g., Donaldson Hanna et al. 2017, Lucey et al. 2017). This figure
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compares a mature highlands sample 66031 (Is/FeO = 102) to a submature (Is /FeO = 39)
highlands sample 67701 under ambient (top plot) and simulated lunar asteroid conditions
(bottom panel). These two samples have a similar modal mineralogy and only differ in their
plagioclase content by ~5% (e.g., Taylor et al. 2012).

Figure 53 Comparison 66031 and 67701 highlands lunar regolith samples measured under
simulated lunar conditions (bottom). They have a similar modal mineralogy but differ in their
maturity. The figure reprinted and adapted from Figure 11 in Effects of varying environmental
conditions on emissivity spectra of bulk lunar soils: Application to Diviner thermal infrared
observations of the Moon, 283(2017), K. L. Donaldson Hanna et al., 326-342 with permission
from Elsevier.

Previous work to model TIR spectra under lunar-like conditions includes Millán et al.
(2011) who used a radiative and thermal heat transfer model to simulate the thermal gradient and
compare with laboratory emissivity spectra of quartz. They retrieved composition, particle size,
and effective thermal conductivity. Other work by Pieters et al. (2000) showed via laboratory
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simulation of space weathering on airless bodies that radiative transfer modeling of lunar soils
would require a dark, neutral component to match the spectra. This dark, neutral component is
representative of the nanophase iron produced by space weathering and present on depositional
rims of particles and distributed in agglutinates (Pieters et al. 2000).
Particle Size Effects on TIR Spectral Features
Particle size influences the type of light scattering that is observed in the TIR. For
example, light interacts with multiple particles when particles are comparable to and small than
the wavelength of light leading to volumetric scattering (e.g., Ramsey & Christiansen 1998). For
example, volume scattering is encountered around the 25 𝜇𝑚 particle sizes over the TIR.
Volumetric scattering occurs due to photons reflecting off a rough surface or incoherently
scattered from passing through multiple particles in a mixture and reflecting from their interfaces
(e.g., Ramsey & Christiansen 1998). Contrarily, if particles are large compared to the
wavelength of light, then surface scattering dominates because light only interacts with a single
particle. The CF and TF are regions of the TIR spectrum where weak energy absorption (low
absorption coefficient) occurs so volumetric scattering between particles dominates and
intensifies as particle size decreases (Salisbury & Walter 1989, Cooper et al. 2000). The real
part of the complex index of refraction (n) approaches that of the surrounding medium (air or
vacuum) and the imaginary part (k) is at a minimum in the CF portion of the spectrum. Surface
scattering dominates in the RB regions, where strong energy absorption (high absorption
coefficient) occurs, of the TIR spectrum where the structure of the crystal lattice creates the
stretching and bending vibration modes excited by incident radiation (Hamilton & Christiansen
2000). The RB occur when the imaginary part of the complex index of refraction (k) is high.
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In this work we used previously determined mineral abundances to model ambient lunar
regolith spectra using a Mie and Monte Carlo approach. We performed iterations on the
modeled spectra where we incrementally increased the abundance of the dark proxy component
to decrease the spectral contrast of the modeled lunar regolith spectra. We used a proxy because
the complex indices of refraction are not available for iron in the TIR. We want to emphasize
that the dark proxy component is only a means of reducing the contrast of spectral features in
this work and is not a proxy for space weathering. To have a dark proxy component that
simulates the effects we see on the TIR spectra from space weathering we would need it to shift
the CF to longer wavelengths and decrease the spectral contrast of the spectrum between the CF
and RB (e.g., Figure 53).
We modeled lunar regolith spectra using the Mie theory code by Mätzler (2002) and the
Regolith Boundary Layer model (ReBL) that implements a Monte Carlo radiative transfer
approach by Prem et al. (2022). If the model is successful at reproducing the lunar regolith
spectra, these techniques could be used to model mineral composition in remotely sensed TIR
spectra obtained by Lunar Trailblazer multispectral data or other future missions that use
hyperspectral instruments. The Lunar Thermal Mapper (LTM) is a thermal infrared
multispectral imager (11 channels over 7-10 𝜇𝑚) that will be on board the Lunar Trailblazer
obiter. This mission is slated to launch in 2025 as part of NASA’s Small Innovative Missions for
Planetary Exploration and will use LTM to obtain compositional, thermal, and thermophysical
data (e.g., Ehlmann et al. 2022, Thompson et al. 2020, Bowles et al. 2020).
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Computational Methods and Data
The following sections describe the data and models used to model individual and lunar
regolith spectra. We used a Mie light scattering and a Monte Carlo radiative transfer code by
Prem et al. (2022) to model ambient TIR emissivity spectra of the Apollo highland and mare
regolith samples. However, before modeling a lunar regolith spectrum, we wanted to assess the
accuracy of the models in modeling the individual minerals. We refer to this as benchmarking in
the remainder of the text. To benchmark the code, we used Mie and ReBL in the following
sections to model individual minerals and compare to corresponding laboratory spectra from
RELAB and Shirley & Glotch (2019). The results of benchmarking the code may be found in
the Results section. Furthermore, since we are following the methods of Prem et al. (2022) we
compared our results to the result of Prem et al. (2022) found in the benchmarking section.
Data
The Apollo lunar regolith samples used in this study are those retrieved during the Apollo
15, 16, and 17 missions (Table 30). The emissivity spectra for Apollo samples 15071, 66031,
67701, and 79221 shown in Figure 54 were measured using the Planetary Analogue Surface
Chamber for Asteroid and Lunar Environments (PASCALE) at the University of Oxford
(Donaldson Hanna et al. 2021). Note that there’s a region of high uncertainty in all the lunar
spectra around 16.0-16.5 𝜇𝑚 that is due to the interferometer’s beam splitter and it is not a
spectral feature. We did not remove this high uncertainty portion of the spectrum because it does
not affect the modeling. The modeling used in this work is forward modeling which means that
the mineral abundances are set prior to running the model and are not based on the shape of the
lunar regolith spectra. In other words, the high uncertainty portion of the spectrum does not
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affect the model output. We resampled the lunar regolith spectra to the modeled spectra. Then
we fit the modeled spectra to the lunar regolith emissivity spectra. The resampling was from 6.7
to 25 𝜇𝑚 with a spectral resolution of 916 data points. The spectral resolution was set by the
resolution of the complex indices of refraction.

Table 30 Lunar regolith samples from the Apollo Missions
Mission

Sample

Maturity Level

Number

(Morris 1978)

Location

Apollo 15

15071

52 (submature)

Mare soil from Elbow Crater

Apollo 16

66031

102 (mature)

Highlands soil from Cayley Plain

Apollo 16

67701

39 (submature)

Highlands soil from rim of North Ray
Crater

Apollo 17

79221

81 (mature)

Mare soil from the trench dug by Van
Serg Crater
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Figure 54 Ambient lunar spectra of Apollo lunar soil samples 15071, 66031, 67701, and 79221

Furthermore, the minerals used in modeling the lunar regolith emissivity spectra are
shown in Table 31 along with their chemical formulas, and the source from where we obtained
the complex indices of refraction. Other data we required for this study consisted of the
individual mineral complex indices of refraction that were used in all our model runs. We used a
porosity of 63% (volume filling factor of 37%) which corresponds to a regolith density of 1.1
g/cm3 (Hayne et al. 2017). The choice for porosity was based on measurements of the global
surface regolith density of the lunar surface obtained by Diviner and was used by Prem et al.
(2022) in the modeled minerals (Hayne et al. 2013, 2017).
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Table 31 List of modeled minerals, chemical formulas, and the source of the complex indices of
refraction
Mineral
San Carlos olivine
Fayalite
Enstatite
Labradorite

Chemical Formula

Complex Indices of Refraction

Mg1.72 Fe0.21 SiO4

Zeidler et al. 2015

Fe2 SiO4

Fabian et al. 2001

En85 Fs14.5 Wo0.5

Rucks et al. 2022

(NaSi, CaAl)AlSi2 O8

Lee & Park 2013

We used a dark proxy component to reduce the spectral contrast of features in the lunar
spectra since the complex indices of refraction are not available for iron in the TIR. For the
complex indices of refraction (𝑛 + 𝑖𝑘) we used a linear interpolation of 𝑘 with 𝑘 = 5 at 5 𝜇𝑚
and 𝑘 = 10 at 50 𝜇𝑚 and 𝑛 = 3. It was modeled at the 0.1-0.4 𝜇𝑚 particle diameter size to
simulate the effects of nanophase iron present in agglutinates and on individual particles. The
range of particle sizes for the dark component was chosen based on a study by Tang et al. (2011)
where they used microwave heating and sputtering experiments to find that nanophase iron was
produced at the ~0.02-0.5 𝜇𝑚 size. However, we observed that Mie scattering is unable to
handle particle sizes smaller than ~0.1 𝜇𝑚 so we used 0.1 − 0.4 𝜇𝑚. This choice of particle
sizes could affect the accuracy of the modeling results since we are not including the full range
of possible particle sizes including those from ~0.02-0.1 𝜇𝑚.
The basaltic mare samples are dominated by high-Ca pyroxene (e.g., augite), but we
substituted a low-Ca pyroxene enstatite in for this mineral. We did this because we did not know
that the complex indices of refraction for augite were available from Arnold et al. (2014) until
after the modeling work was completed and there was not enough time to repeat the modeling to
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include augite before the publishing of this document. However, augite could be included in the
modeling for future work and would likely improve the model fits. The comparison of augite
(𝑊𝑜50 𝐸𝑛34 𝐹𝑠16 ) (Shirley & Glotch (2019) with enstatite (𝑊𝑜1 𝐸𝑛70 𝐹𝑠29 ) (Shirley & Glotch
2019) is shown in the top panel of Figure 55 in the Results section. The residual error curve
shown in black at the bottom of each plot in Figure 55 shows the difference (e.g., the enstatite
emissivity spectrum subtracted from the augite emissivity spectrum) between the two spectra
being compared. Since the residual error curve is large and we wanted to include it in the same
plot as the spectra, we divided the residual error by 3 and shifted it to 0.9 (i.e.,
plotted residual error = (residual error)/3 + 0.9).
We saw spectral differences between enstatite and augite. For example, the TF minimum
is located at shorter wavelengths in the enstatite spectrum (~12.5 𝜇𝑚) relative to the augite TF
minimum (~13.5 𝜇𝑚). Furthermore, there are differences in the RB in shape between enstatite
and augite due to compositional differences. However, the CF of enstatite and augite is similar
in position and shape (~8.0 𝜇𝑚). Based on these observations we expect that when we include
enstatite in modeling the mare spectra that there will be mismatches in the position of the TF
minimum, differences in the RB positions and shapes, and the CF position should not be
affected.
At this time the complex indices of refraction for a lunar-like composition of anorthite
(𝐴𝑛96−98 ) have not been measured and this is a major modal abundance in modeling the
regolith. Therefore, we substituted another plagioclase feldspar, labradorite (𝐴𝑛49 ) from Shirley
& Glotch (2019) in place of anorthite. The comparison between the spectra of labradorite and
anorthite (𝐴𝑛95 ) is shown in Figure 55. The CF is shifted to longer wavelengths in anorthite
(~8.25 𝜇𝑚) compared to labradorite (~8.0 𝜇𝑚) and there are differences in both sets of RB (e.g.,
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the shape and spectral contrast). In the first set of RB ~8.5-10.0 𝜇𝑚 there is a similar shape and
position, but at the TF there is a higher spectral contrast observed in anorthite. Based on the
comparison of labradorite and anorthite we expect that the CF may be shifted to shorter
wavelengths in the modeled lunar regolith spectra. Furthermore, we anticipate that the shape and
position the first set of RB ~8.5-10.0 𝜇𝑚 may be modeled better than the second set since we
saw that labradorite and anorthite have similar shape and position in the first set of RB. Finally,
we expect to see that the TF spectral contrast will not be matched well in the modeled lunar
regolith spectra since the TF of anorthite is higher in spectral contrast than the labradorite TF.
This comparison of substituted minerals (e.g., labradorite and enstatite) with minerals that are
present in the lunar regolith (e.g., anorthite) aided in identifying why certain areas of the
modeled lunar regolith spectra were poorly modeled.
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Figure 55 Comparison of enstatite and augite (top plot), and labradorite and anorthite (bottom
plot) laboratory spectra from Shirley & Glotch (2019). The blue curve in both plots are the
minerals used in this study while the gold curve shows the minerals more appropriate for
highland and mare regolith.

We modeled each Apollo regolith sample spectrum using the minerals and abundances
based on Table 31 using the following particle diameters 5 𝜇𝑚, 10 𝜇𝑚, 15 𝜇𝑚, 30 𝜇𝑚, 60 𝜇𝑚
and the average particle sizes of each sample shown in Table 32 (Graf 1993, Heiken et al. 1973,
Butler et al. 1973) but the modeled particle sizes ≥ 30 𝜇𝑚 did not show a TF which is present in
the lunar regolith spectra (Figure 56). In Figure 56 we have shown all the modeled particle sizes
≤ 30 𝜇𝑚 in the top plot and the larger modeled particle sizes ≥ 30 𝜇𝑚 in the bottom plot. For
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the mineral abundances we used the modal abundances from Donaldson Hanna et al. (2017)
shown in Table 32.

Figure 56 Comparison of modeled particle sizes for highlands regolith sample 66031
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Table 32 Modal abundances and average particle sizes of highland and mare lunar soils from
Table 3 in Donaldson Hanna et al. 2017 and Table 2 in Basu & Riegsecker 2000
𝟔𝟔𝟎𝟑𝟏𝒂

𝟔𝟕𝟕𝟎𝟏𝒂

𝟕𝟗𝟐𝟐𝟏𝒃

𝟏𝟓𝟎𝟕𝟏𝒃

(highland)

(highland)

(mare)

(mare)

Plagioclase (%)

54.0

74.0

29.9

30.2

Pyroxene (%)

6.8

7.6

67.6

60.3

Olivine (%)

5.9

4.1

2.5

9.5

Glass Other (%)

33.4

14.3

Average particle

120

150

60

87

size (𝜇𝑚)
References: aTaylor et al. 2012; bBasu & Riegsecker 2000

We made assumptions about the Mg/Fe olivine content based on averages for highland
and mare regolith from Papike et al. (1998) and Lucey et al. (2006). Highland regolith olivine
lies in the range of Fo75 (𝐹𝑜# = 100 ∙ 𝑀𝑔/(𝑀𝑔 + 𝐹𝑒) ) to Fo60 with an average around Fo67
(Papike et al. 1998) so we used San Carlos olivine (𝐹𝑜90 ) and fayalite (𝐹𝑜0 ) to simulate an Fo67
(e.g., Koeppen & Hamilton 2008). For example, in Table 32 the highlands regolith sample
66031 is 5.9% olivine. To simulate Fo67 we modeled 67% of the 5.9% or 3.593% San Carlos
olivine and 33% of the 5.9% or 1.947% as fayalite. For the mare soil, olivine lies in the Fo80 to
Fo30 range (Lucey et al. 2006). Therefore, we used San Carlos olivine and fayalite to simulate
an Fo55 (average of Fo80 and Fo30) olivine for the mare modeling. This does introduce a
degree of uncertainty into the modeling since we are assuming the Mg/Fe olivine content. Not
only does the CF shift to shorter wavelengths with increasing Fe content (from ~9.4 𝜇𝑚 to ~8.8
𝜇𝑚), but there are differences in locations and shapes of spectral features in the RB of San
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Carlos olivine and fayalite due to compositional differences (compare plots b and d in Figure
58). Note that in addition to the mineral abundances shown in Table 32, the highland samples
66031 and 67701 also have agglutinates that contain mineral fragments. Furthermore, the mare
samples 79221 and 15071 have agglutinates, basalt, KREEP basalt, breccia, anorthosite,
ilmenite, and volcanic glass (Table 32). We include the mineral contributions from these
additional components from Basu & Riegsecker (2000) to represent the total mineral content in
our modeling of the lunar regolith. We assumed that the regolith breccias and agglutinates have
the same mineral abundances as the bulk soil (Basu & Riegsecker 2000).
Next, we modeled varying particle sizes and compared to the lunar spectra to determine
which size fit the position of the spectral features the best by eye. We observed that the lunar
regolith spectra show a TF around ~12.5 𝜇𝑚 so we looked for particle sizes that showed a TF
around ~12.5 𝜇𝑚 such as the modeled 5 or 10 𝜇𝑚 particle size (Figure 56, top plot). The larger
particle sizes ≥ 30 𝜇𝑚 did not show a TF and showed a poorer fit to the CF especially at shorter
wavelengths to the CF (Figure 56, bottom plot). This is a transparent portion of the spectrum (at
shorter wavelengths to the CF) so a transparency feature appears and increases in spectral
contrast with decreasing particle size. Therefore, the transparency feature near 12.5 𝜇𝑚 is not
present in particle sizes ≥ 30 𝜇𝑚 in our modeled spectra. After narrowing down the particle size
to 5 or 10 𝜇𝑚 based on the presence of a TF and the shape and location of the CF in the modeled
spectra we then compared the 5 and 10 𝜇𝑚 particle sizes over the RB portion of the spectrum.
We chose the 5 𝜇𝑚 particle size over the 10 𝜇𝑚 size because the 5 𝜇𝑚 TF was broader than the
10 𝜇𝑚 TF. We observed in the lunar regolith spectra (Figure 54) that there is a broad minimum
in emissivity over the TF from ~11.0 𝜇𝑚 to 12.5 𝜇𝑚. However, we do not place a constrain on
the particle size of the lunar regolith since we included many assumptions in the modeling (e.g.,
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porosity, minerals, and mineral abundances). An example of the modeled particle sizes plotted
against the highlands 66031 spectrum, is shown in Figure 56. After determining the best-fit
particle size we iterated the code by adding in increasing abundances (96, 97, and 98%) of the
dark proxy component to darken or decrease the spectral contrast of features in the modeled
lunar regolith spectrum (lunar regolith spectrum with abundances in Table 32 normalized to
100%). The particle size choice affects the amount of dark proxy component needed to decrease
the spectral features of the lunar regolith spectrum, e.g., a higher abundance would be required
for the 5 𝜇𝑚 particle size versus the 10 𝜇𝑚 size and so on. Also, the porosity effects the contrast
of spectral features. With an increase in porosity the features decrease in spectral contrast
(Salisbury & Wald 1992).
Large abundances (96-98%) of the dark proxy component were required due to the large
difference in spectral contrast between the modeled and lunar regolith spectra. The best model
fit obtained by adding in increasing amounts of the dark proxy component was determined by the
lowest RMS error. An example of how the modeled spectrum changed as we added an
increasing abundance of dark proxy component is shown in Figure 57 for highlands 66031. This
process of adding in more of the dark proxy component was repeated for all the lunar regolith
samples. For example, in Table 32 the highlands sample 66031 mineral abundances (if
normalized to 100% to exclude glass other) include 81.1% plagioclase, 10.1% pyroxene, and
8.8% olivine. To add in 96% of the dark proxy component we set the dark abundance to be 96%,
and the abundances of plagioclase, pyroxene, and olivine were normalized to 4% (e.g., 3.25%
labradorite, 0.40% enstatite, 0.21% San Carlos olivine, and 0.14% fayalite).
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Figure 57 An example of how adding in an increasing abundance of the dark proxy component
changes the modeled highlands regolith sample 66031 spectrum.

Mie Model
We used a Mie light scattering code based on Mätzler (2002). The code computes a
definite solution to Maxwell’s equations (Mätzler 2002). We used this code to follow the same
methodology as Prem et al. (2022) who tested the code against individual minerals. Also, the
Mie code is flexible to model small and large particle sizes with minimal computational expense.
Input included the range of wavelengths, particle diameters, packing density of particles, and
complex indices of the refraction of the minerals discussed in the Data section.
The Mie code output includes the scattering (𝜇𝑠 ) and absorption (𝜇𝑎 ) efficiencies, and
asymmetry parameter (𝑔) for the x, y, z components of the complex indices of refraction which
are all in units of 𝜇𝑚−1 used as input into the Monte Carlo radiative transfer code (see section
Data). For a single scattering event, the asymmetry parameter, 𝑔, defines the Henyey-Greenstein
phase function. Previous models that have implemented Mie theory have noticed that there is a
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discrepancy at shorter wavelengths between measured and modeled spectra of fine particles and
that the theory overestimates the spectral contrast of the TF (e.g., Prem et al. 2022, Ito et al.,
2017). This discrepancy is that at shorter wavelengths the modeled emissivity is much lower
than the measured emissivity suggesting that the Mie model is less successful in modeling
spectral features at shorter wavelengths (Prem et al. 2022). For our modeling results we will
likely see an overestimation in the spectral contrast of the TF and a poorer model fit at shorter
wavelengths due to the use of Mie theory.
Monte Carlo Radiative Transfer Model
We used a Regolith Boundary Layer model (ReBL) by Prem et al. (2022) that
implements a Monte Carlo radiative transfer model. The Monte Carlo code models scattering
and attenuation of many energy bundles in the upper most millimeters of regolith where the
thermal signal originates (Prem et al. 2022). This is modeled as a series of plane-parallel
isothermal layers of equal thickness (Prem et al. 2022). Similar to other models of radiative
transfer, the scattering and absorption properties of the medium must be known (Prem et al.
2022). We used the output from Mie scattering - the x, y, and z components of the scattering
efficiency (𝜇𝑠 ), asymmetry parameter (𝑔), and absorption (𝜇𝑎 ) efficiencies (all in units of 𝜇𝑚−1 )
for each mineral as input to the Monte Carlo code. We considered 180 angles for the HenyeyGreenstein scattering phase function represented by the asymmetry parameter, 𝑔. The number of
energy bundles to track per wavelength per layer was set to 105 with 100 layers of 10 𝜇𝑚
thickness. The accuracy of the code increases with the inclusion of more energy bundles since
the amount of statistical noise decreases with more bundles (Prem et al. 2022). So, to balance
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computational cost and accuracy we included 105 bundles. In addition to the x, y, and z cases,
the average case, 𝑒𝑎𝑣𝑔 , is computed by the following formulas from Prem et al. (2022),

𝜇𝑠,𝑎𝑣𝑔 = (𝜇𝑠,𝑥 + 𝜇𝑠,𝑦 + 𝜇𝑠,𝑧 )/3,

(1)

𝜇𝑎,𝑎𝑣𝑔 = (𝜇𝑎,𝑥 + 𝜇𝑎,𝑦 + 𝜇𝑎,𝑧 )/3,

(2)

𝑔𝑎𝑣𝑔 = (𝜇𝑠,𝑥 𝑔𝑥 + 𝜇𝑠,𝑦 𝑔𝑦 + 𝜇𝑠,𝑧 𝑔𝑧 )/3𝜇𝑠,𝑎𝑣𝑔 .

(3)

The resulting values for the average case from equations (1)-(3) along with the x, y, and z
components of the scattering efficiencies, and specified wavelengths were used as input to the
Monte Carlo code. The Monte Carlo code outputs a brightness temperature 𝑇𝑏 spectrum in
Kelvin over the specified wavelengths. The effective emissivity of each case
(𝑒𝑥 , 𝑒𝑦 , 𝑒𝑧 , 𝑎𝑛𝑑 𝑒𝑎𝑣𝑔 ) is found from a 𝑇𝑏 spectrum using the Planck function. Since spectra from
the Monte Carlo code are noisy due to its statistical nature, we used the python scipy module
function for the Savitzky-Golay filter3 to smooth the 𝑇𝑏 spectrum before converting to the
component emissivity spectra (𝑒𝑥 , 𝑒𝑦 , 𝑒𝑧 , and 𝑒𝑎𝑣𝑔 ). This filter works by fitting a low order
polynomial to subsets of data using a least squares fit and the smoothed portion is the central
point of the subset. This process is repeated while the filter is passed from left to right through
the data. It has the advantage of smoothing the data or increasing the precision of the signal
without distorting it. Finally, to determine the weight contribution of each crystallographic axis
to emissivity x/y/z we combined 𝑒𝑥 , 𝑒𝑦 , 𝑒𝑧 with a python chi-square minimization function4 that

3
4

https://docs.scipy.org/doc/scipy/reference/generated/scipy.signal.savgol_filter.html
https://numpy.org/doc/stable/reference/random/generated/numpy.random.chisquare.html
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we compared with a measured spectrum. So, for example, if the chi-square minimization
function chose the weights 0.2/0.3/0.5 for the contribution of x, y, and z, respectively, then the
final, modeled spectrum would be reproduced by 𝑒𝑓𝑖𝑛𝑎𝑙 = 0.2 𝑒𝑥 + 0.3 𝑒𝑦 + 0.5 𝑒𝑧 .
The entire procedure explained above is repeated for each individual mineral. However,
there is one additional step that is required when modeling a lunar regolith spectrum. It is to
perform a weighted sum of the x, y, z components of the complex indices of refraction before
input into the Mie code. The weights of the weighted sum correspond to the mineral abundances
(volume %).
Finally, to evaluate the goodness-of-fit for each model iteration we computed the RMS
error given by the equation

𝑅𝑀𝑆 = √∑𝑚
𝑗=1

𝛿(𝜆)2𝑗
𝑚

,

( 12)

where m is the number of wavelengths or wavenumber, and 𝛿(𝜆) is the residual error (difference
between modeled and measured spectrum). Also, we computed the residual error curve or model
difference to see which portions of the spectra were being modeled the best (lower residual error)
and the worst (higher residual error). The values and plot for RMS error and residual error,
respectively, are found in each plot in the Results section.
We ran the code on the University of Central Florida Stokes High Performance
Computing (HPC) cluster (Stokes, n.d.) and Stampede2 which is one of the Texas Advanced
Computing Center (TACC), University of Texas at Austin's flagship supercomputers
(Stampede2, n.d.).
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Results
Code Benchmarking
We benchmarked the Mie and Monte Carlo code by assessing the accuracy of the code in
modeling RELAB and Shirley & Glotch (2019) spectra for the individual minerals listed in Table
31. This was done to assess how accurately individual minerals were being modeled by the code
before attempting to model a lunar regolith spectrum. The individual minerals that we modeled
using this procedure are the same ones that we used to model the lunar spectra. This helped in
identifying what portions of an emissivity spectrum are being modeled well (low residual error)
by the code and which portions are being modeled poorly (high residual error). We want to
emphasize that the RELAB spectra used for olivine in Figure 58 (plots a, b, and d) are
bidirectional reflectance spectra inverted to emissivity using Kirchhoff’s Law (𝑒 = 1 − 𝑟, where
𝑒 is emissivity and 𝑟 is reflectance), but the modeled spectra are directly computed emissivity
spectra from brightness temperature. So, we caution the reader that we are comparing an
emissivity spectrum to an inverted reflectance spectrum. Also, since some of the spectra we’re
benchmarking against are inverted reflectance spectra it is not an entirely fair evaluation of the
accuracy of the code, but we needed a standard of measure to evaluate the lunar regolith spectra
model fits.
The modeled spectra for individual minerals are compared to the RELAB and Shirley &
Glotch (2019) spectra in Figure 58. The measured spectra are shown in green, the model fit is
shown in black dash, and particle sizes are shown in green text. The modeled mineral sizes and
weight contributions in the form x/y/z of the crystallographic axes orientations are shown in
black text (e.g., Figure 58 plots b, d, e). If the weight contributions of the crystallographic axes
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is listed as 𝑒𝑎𝑣𝑔 (e.g., plots a and c) this indicates that an average of the scattering parameters,
i.e., Equations (1)-(3) was used instead of weights on the crystallographic axes (x/y/z
orientation). To evaluate the goodness-of-fit we computed the residual and RMS errors (see
Equation 11) between the modeled and measured spectra which are shown in every plot. The
residual error or model difference shown as solid black curve is found by subtracting the
modeled spectrum from the measured spectrum at every wavelength. To fit the residual errors
on the same plot as the results, we scaled the error by dividing by 5 and shifting the error by 0.6,
i.e., plotted residual error = residual error/5 + 0.6. The grey horizontal dashed line near the
residual error curve is given as a reference point to 0.6. Note that we shifted to 0.8 in plots c and
e instead of 0.6.
The modeled RELAB spectra of olivine size separates from Mustard & Hays (1997) – 510 μm and 20-25 μm are shown in Figure 58 plots a and b. The modeled particle sizes were
chosen based on the approximate average for each olivine size separate. There are compositional
differences between the olivine used to determine the complex indices of refraction (𝐹𝑜90 ) and
the RELAB spectrum olivine (𝐹𝑜94 ) which could result in differences between the modeled and
measured spectrum. The location of the CF shifts to longer wavelengths with an increasing
abundance of Mg (Fo94 has a higher abundance of Mg than Fo90 ). A poorer model fit (higher
residual errors) was observed at wavelengths in the vicinity and at the CF and TF where the
residual errors were larger. In general, the modeled CF was narrower in comparison to the
measured spectra and the CF of the modeled spectra was shifted to slightly longer wavelengths
which is opposite to what Prem et al. (2022) observed when modeling individual minerals. They
found that the CF shifted to shorter wavelengths relative to the measured spectrum. The spectral
contrast of all the features especially the TF was not well matched in shape or position in the
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modeling of either of the olivine size separates or fayalite which is mainly due to the deficiency
of Mie theory. In general, the position of the spectral features in the RB were matched well
especially for the larger particle size of olivine, but the spectral contrast was not matched by the
model. This behavior by the model is consistent with the Mie-Hapke hybrid approach by Ito et
al. (2017) that suggested that the issue is caused by using Mie to calculate the scattering
parameters. Prem et al. (2022) also saw a discrepancy between modeled and measured spectra
around ~10.5 𝜇𝑚 portion of the RB which we also observed. They saw that similar to this study
the spectral contrast of features especially the TF was overestimated by the model.
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Figure 58 Modeled RELAB and Shirley & Glotch (2019) mineral spectra used to evaluate the
accuracy of the models
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We also modeled enstatite, fayalite, and labradorite laboratory spectra (Figure 58 plots c,
d, and e) to benchmark the code with particle sizes chosen based on the average particle size of
the measured spectra. Compositional differences between minerals used in the measurement of
the complex indices of refraction and laboratory spectra could lead to differences between
measured and modeled spectra. For example, the composition used to determine the complex
indices of refraction for enstatite (𝐸𝑛85 𝐹𝑠14.5 𝑊𝑜0.5 ) differs from the enstatite (𝐸𝑛70 𝐹𝑠29 𝑊𝑜1 )
laboratory spectrum we used in plot c, Figure 58 from Shirley & Glotch (2019). With higher
iron content (𝐹𝑠29 contains more iron than 𝐹𝑠14.5 ) the CF is shifted to longer wavelengths. The
modeled spectrum for enstatite (plot c) matched the position of the CF, but the shape was too
narrow in the modeled spectrum compared to the measured spectrum. For the remaining spectral
features many of the positions of the spectral features were well produced by the model, but the
spectral contrast was too high across the modeled spectrum. Fayalite had the highest RMS error
(2.31E-01) and residual errors of any of the model fits due to a difference in spectral contrast
between the measured and modeled spectrum. However, most of the positions of the spectral
features for fayalite were modeled accurately although there were some differences in spectral
features in the RB. The modeled CF was shifted to slightly longer wavelengths relative to the
measured spectrum and was too narrow in comparison. Labradorite showed the best fit to the CF
position and shape. However, the modeled TF was at ~ 17.0 𝜇𝑚 relative to the measured
spectrum TF ~12.0 𝜇𝑚. Also, the shapes and positions of the RB features did not match well
especially around ~17.0 𝜇𝑚. In general, the CF is modeled poorly with the exception of
labradorite. A likely contributor to inaccuracy is that there are compositional differences
between the minerals used to determine the complex indices of refraction and the laboratory
spectra. For example, complex indices of refraction for enstatite with composition
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𝐸𝑛85 𝐹𝑠14.5 𝑊𝑜0.5 were used in modeling, but the laboratory spectrum composition differs from
the enstatite measured spectrum (𝐸𝑛70 𝐹𝑠29 𝑊𝑜1 ). Based on the results of the code
benchmarking we anticipate the results of the lunar regolith modeling to likely show a poorly fit
CF that is that is shifted to longer wavelengths relative to the measured spectra. For the RB we
expect that the positions and the shapes of spectral features in the modeled spectra will not be
well matched due to compositional differences between the model mineral spectra and the
known composition of the lunar minerals.
Computation of the Final Modeled Spectra
The results of the model fit for each lunar regolith sample is shown in Table 33 and
Figure 59, plots a-d. In Table 33 we show the modeled abundances which are the normalized
abundances from Table 32 where we have substituted labradorite for plagioclase, enstatite for
pyroxene, and San Carlos olivine and fayalite for olivine. The table shows the normalized
abundances and the incremental abundances (96, 97, and 98%) of the dark proxy component
with corresponding RMS errors for the model fit. In the figure the lunar regolith sample number
is given in blue text followed by the modeled x/y/z crystallographic axes orientations shown in
black text. In each plot of Figure 59 we provided the residual error curve at the bottom as a solid
black curve. To ensure the residual error curve would fit on each plot we scaled and shifted the
residual error. The residual error was divided by 3 and shifted to 0.95, i.e.,
plotted residual error = residual error/3 + 0.95. A gray dashed line at 0.95 is provided for
reference. Also, the RMS errors for each model fit are shown in each plot of Figure 59 as well as
Table 33.
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Table 33 Final modeled abundances (normalized to 100%) with RMS errors
Normalized Mineral Abundances (%)
Mare 15071
Dark proxy component

96.00

97.00

98.00

San Carlos olivine

0.16

0.12

0.08

Fayalite

0.097

0.072

0.048

Enstatite

2.70

2.03

1.35

Labradorite

1.04

0.78

0.52

RMS errors

5.08E-02

1.99E-02

1.78E-02

Dark Proxy Component

96.00

97.00

98.00

San Carlos olivine

0.21

0.16

0.11

Fayalite

0.14

0.11

0.071

Enstatite

0.40

0.30

0.20

Labradorite

3.25

2.43

1.62

RMS errors

2.61E-02

2.16E-02

1.97E-02

Dark Proxy Component

96.00

97.00

98.00

San Carlos olivine

0.13

0.096

0.064

Fayalite

0.063

0.047

0.032

Highlands 66031

Highlands 67701
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Enstatite

0.35

0.27

0.18

Labradorite

3.45

2.59

1.73

RMS errors

2.26E-02

1.91E-02

1.72E-02

Dark Proxy Component

96.00

97.00

98.00

San Carlos olivine

0.60

0.046

0.030

Fayalite

0.039

0.029

0.019

Enstatite

2.70

2.03

1.35

Labradorite

1.19

0.89

0.59

RMS errors

2.74E-02

2.51E-02

2.14E-02

Mare 79221
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Figure 59 Best model fit (lowest RMS error) for each of the lunar regolith spectra with the
abundances from Table 33

The mare regolith sample 15071 showed areas of high residual error at shorter
wavelengths to the CF and in the shape and contrast of the RB regions especially near ~14.016.0, 19.0, and >24.0 𝜇𝑚 (Figure 59, plot a). Regions of the 15071 spectrum that were fit better
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by the model included parts of the first set of RB ~8.0-9.0 𝜇𝑚 and in the second set of RB
around ~20.5 and 22.0 𝜇𝑚. An 98% abundance of the dark proxy component was added to the
modeled lunar spectrum to achieve the lowest RMS error of 1.78E-02 (Table 33). The dominant
mineral phase in 15071 is high-Ca pyroxene (e.g., augite), but we substituted for augite using a
low-Ca pyroxene (e.g., enstatite) (Table 33). In Figure 55 (top plot) we plotted augite and
enstatite emissivity spectra from Shirley & Glotch (2019) to see the differences between the two
mineral spectra. We see a close match to the position of the CF and TF in the modeled spectrum
which is expected since the enstatite and augite CF were closely matched in position. In
benchmarking the code, we expected that we would see an overall higher spectral contrast in the
modeled spectrum especially in the TF which we do observe here.
The highlands sample 66031 showed the best fit over the first set of RB portions of the
spectrum ~8.0-11.0 𝜇𝑚 and also around ~12.5-16.0 𝜇𝑚 and ~20.0-22.0 𝜇𝑚 (Figure 59, plot 𝐛).
Higher residual errors were observed at wavelengths shorter than the CF, at the TF ~11.0-12.0
𝜇𝑚, and RB around ~17.0, 18.5 𝜇𝑚. Also, the shape of the CF is not fit well. We saw that the
CF was shifted to shorter wavelengths in the labradorite spectrum relative to anorthite (Figure
55, bottom plot) which we also observed in the modeled 66301 spectrum. Furthermore, we saw
a difference in spectral contrast and shape of the RB in the comparison of labradorite to anorthite
that we observed in the 66031 modeled spectrum. The dark proxy component required a 98%
abundance to darken the 66031 spectrum enough to reach the lowest RMS error of 1.97E-02
shown in Table 33.
Portions of best model fit to the highlands 67701 spectrum was over the first set of RB
around ~8.0-10.0 𝜇𝑚 and ~20.0-23.0 𝜇𝑚 (Figure 59, plot c) where the residual errors were
lower than other portions of the spectrum. Regions of higher residual errors included those
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shorter than the CF (<8.0 𝜇𝑚) and at the RB ~17.0, 18.5 𝜇𝑚. The shape and width of the CF
was poorly fit. We observed that the CF was shifted to shorter wavelengths and differences in
shape and contrast of the RB when we compared the labradorite and anorthite spectra in Figure
55. We see this also in the 67701 fit. The 67701 spectrum reached the lowest RMS error of
1.72E-02 using a dark proxy component abundance of 98% shown in Table 33. The fit for
67701 had the lowest RMS error of all the model fits for the lunar spectra since the TF spectral
contrast was better fit compared to the other lunar samples. This is due to the 67701 sample
spectrum having the highest spectral contrast in its TF than any of the other lunar spectra (see
Figure 54).
The mare regolith sample 79221 had the highest RMS error (2.14E-02) of all the lunar
spectra model fits (Figure 59, plot d). The TF was highly overestimated by Mie theory. Higher
residual errors were seen in the wavelengths shortward of the CF and at the TF in the comparison
of labradorite with anorthite (bottom plot of Figure 55). The comparison plot of enstatite and
augite showed similar misfits in these portions of the spectrum (top plot of Figure 55). The
benchmark plot of enstatite in Figure 58, plot c shared these same problem areas (e.g., high
residual errors shortward of the CF and at the TF) in the model fit. Likewise, these problem
areas were some of the same problem areas in the 79221 model fit since we saw higher residual
errors at wavelengths shorter of the CF, at the TF around 12.0 𝜇𝑚. The CF in the modeled
79221 spectrum was shifted to shorter wavelengths which we observed in the comparison of
labradorite and anorthite. Also, higher residual errors were seen in the RB especially around 2325 𝜇𝑚 for the 79221 model fit. There were differences in shape and contrast of the RB features
in the comparison of labradorite and anorthite, and also enstatite and augite. We saw differences
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in shape and contrast of the RB in the 79221 model fit, too. Lower residual portions of the
modeled 79221 spectrum included the CF, and RB ~8.5-11.0 𝜇𝑚 and ~13.5-15.0 𝜇𝑚.

Summary and Discussion
In this study we used a Mie light scattering and Regolith Boundary Layer (ReBL) Monte
Carlo radiative transfer code to model ambient spectra of lunar regolith samples taken from the
Apollo lunar regolith samples 15071, 66031, 67701, and 79221.
The primary inaccuracy in our modeling is due to the use of Mie theory. Previous studies
using Mie theory (e.g., Prem et al. 2022, Ito et al. 2017) have observed that the code
overestimates the spectral contrast of the TF and most of the spectral features especially at
shorter wavelengths in fine particles. We saw the same problem as previous studies especially
for the TF in modeling most of the RELAB and Shirley & Glotch (2019) spectra. This led to
higher residual errors in the vicinity of the TF for all the modeled spectra. In general, the CFs
were modeled poorly (e.g., position and shape) in all the model fits. Overall, many of the
spectral feature positions of the RB were modeled accurately in the benchmarked mineral
spectra, but the spectral contrast was consistently overestimated. For the modeled lunar regolith
spectra, we saw a consistently poor fit in the shape and contrast of the second set of RB ~13-25
𝜇𝑚, but the first set of RB ~8-11 𝜇𝑚 was the region of best fit in all the lunar spectra. The first
set of RB is fit better by the model because during the code benchmarking, we observed that
most of the positions of the RB were better modeled compared to other portions of the spectra.
Future work would be to use an alternative light scattering model to compute the scattering
efficiencies such as the Multi-Sphere T-matrix method which is likely to improve the model fit.
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We found that the 5 𝜇𝑚 particle size fit the positions of the CF, TF, and RB spectral
features the best by eye, but we did not put a constraint on the particle size due to all of the
assumptions (e.g., minerals, abundances, porosity, etc.) that went into the modeling. Also, we do
not place a constraint on particle size because we did not use a rigorous method to determine the
best fit particle size. The modeled 10 𝜇𝑚 particle size also showed a TF, but the TF of the
modeled 5 𝜇𝑚 particle size was broader and we observed a broad emissivity minimum near the
TF in the lunar regolith spectra (e.g., ~10.0-12.5 𝜇𝑚 in the 66031 highlands spectrum).
However, with the smaller particle size a higher abundance of the dark proxy component was
required to reduce the spectral contrast of features in the lunar regolith spectra.
The dark proxy component was used as a means to reduce the spectral contrast across all
wavelength channels over the lunar regolith spectrum. We observed that all four lunar regolith
samples required about the same abundance (96-98% by volume) of the dark proxy component
to obtain the lowest RMS error between modeled and measured spectrum. Recent laboratory
studies that mixed carbon with gypsum to darken the spectrum of gypsum only required about
33% abundance of carbon to reduce the spectral features (see Figure 4 in Breitenfeld et al. 2021).
So, we expected that a similar abundance of dark proxy component would be required to reduce
the spectral features in the lunar regolith spectrum, but that’s not what we observed. This could
be an indicator that Mie theory is unable to accurately model particles of the ~0.1-0.4 𝜇𝑚 size
which is the particle size range we used for the dark proxy component. Also, the dark proxy
component did not to replicate the effects on the modeled spectra we should observe. For
example, it should have shifted the CF to longer wavelengths as the abundance of dark
component was increased and it did not. But we did observe that the spectral contrast decreased
over the entire modeled spectrum. The fact that the dark proxy component did not show the shift
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in CF to longer wavelengths suggests that additional work needs to be done. Future work could
build on the work of Millán et al. (2011) to develop an integrated thermal and optical model
because an optical model alone cannot reproduce the observed changes in the spectra.
A disadvantage that we encountered in our modeling is that we did not have all the
correct minerals. We lacked anorthite because the complex indices of refraction have not been
measured yet. This affected all our model fits because plagioclase feldspar is a major component
in all the lunar regolith samples. We also lacked augite because we did not know that the
complex indices of refraction were available for this mineral until it was too late to include it in
the modeling before the publishing of this document. Not including augite in the modeling of
effected the modeling of the mare regolith and it does not affect the highlands. However, the
complex indices for anorthite could be measured and augite could be included in the modeling
for future work. Including these two minerals would likely improve the model fits.

Conclusions and Future Work
In this study we used Mie and Monte Carlo models to model mare and highland ambient
of Apollo lunar regolith spectra of 15071, 66031, 67701, and 79221. The primary issue in our
modeling was due to the use of Mie theory. Similar to previous works that used Mie theory, we
observed it consistently overestimating the spectral contrast of most of the spectral features
especially the TF in the modeled spectra. Future work would be to use an alternative light
scattering model such as the Multi-Sphere T-matrix method. In general, the CF was not modeled
well as well as the portion of the spectrum shortward of the CF which is another transparent area
of the spectrum. Similar to the benchmarking results, we observed a better model fit near the
first set of RB, but the second set of RB were modeled poorly. A large abundance (~98%) of the
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dark proxy component was required which we used as a “fudge factor” to decrease the spectral
contrast of the lunar regolith spectra. Determining a dark proxy component or model that could
simulate effects of space weathering on TIR spectra of lunar regolith is left as future work. For
example, we showed that an optical model is insufficient in reproducing the observed changes in
the spectra, so work is needed to develop an integrated thermal and optical model. Also, future
work could include measuring the complex indices of refraction for anorthite and exploring
different particle sizes or particle size distributions to better fir the lunar spectra. If the model
fits are improved in this study by using an alternative light scattering model and including
anorthite then lunar spectra obtained by future missions such as Lunar Trailblazer could be
modeled.

Acronyms
CF

Christiansen feature

RB

Reststrahlen band(s)

TF

transparency feature

TIR

Thermal infrared region
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CHAPTER SIX: SUMMARY AND DISCUSSION
This chapter summarizes what was learned from a scientific standpoint in Chapters 2-5
and future work associated with each of these projects.

Asteroids
In Chapters 2, 3, and 4 we performed dynamical and spectral modeling of main belt and
Jupiter Trojan asteroids and primitive asteroid analogs.
In chapter 2, by modeling the Clarissa family, we were able to simulate the initial breakup and drift of asteroid family members from the parent body due to gravitational and thermal
perturbations. We found that the Clarissa family is 56 ± 6 Myr old. We were able to model the
structure of the Clarissa family in detail due to its location in a dynamically quiet zone of the
inner asteroid belt. For a future project, the methods presented in this chapter could be used to
determine the age of additional primitive families such as (329) Svea located at 2.47715 AU.
The (329) Svea family does not reside in a dynamically quiet zone. It is known that families
~2.5 AU can be potentially transported to the NEA population via the 3:1, 𝜈5 , 𝜈6 , and Kozai
resonances so this family could possibly be a contributor to the NEA population (e.g., Ji et al.
2007). The Svea family has an age estimate of ~500 My based on Eq. (1) from Nesvorný et al.
(2015). With a longer estimated age than Clarissa additional computational resources are
required such as NASA’s Pleaides supercomputer. Then the Svea family could be integrated
using the Solar System integration software with the thermal effects we implemented in our
study.
These methods could ideally be applied to any number of main belt families that have
been identified. Currently, hundreds of main belt families have already been identified using the
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hierarchical clustering method, a computer-based algorithm (e.g., Bendjoya & Zappalá 2002).
Therefore, there is ample work to be done in dynamics to constrain the ages of main belt
families. Additional information that is gained from dynamical simulations is determining if
families could be significant contributors to the NEA population. This is done by observing if
test particles (asteroids) are ejected from the main belt via resonances into planet-crossing orbits
during the dynamical simulations. If they are then it suggests that the parent body of the asteroid
that leaked into the NEA population could reside in the main belt. Also, dynamical studies of
main belt families have a broader impact. In the future if we determined the precise ages of
hundreds of main belt families then this information could be used to answer broader questions
in planetary science such as explaining the evolution and current architecture of the Solar
System. For example, by determining the ages we can know approximately when the impact
event occurred that formed the family. This impact was either catastrophic break up or cratering
of a parent body. But the parent body had to be inserted into its present location in orbital space
before the family-generating impact occurred. Thus, through dynamical studies we can trace the
evolution of the family back to the parent body (there are hundreds of parent bodies because
there are hundreds of families already identified). This information places constraints on giant
planet migration models since the parent bodies had to be inserted at their present orbital
locations in order to fragment and form the families we see today. Along with dynamical
constraints, spectral characterization of asteroids gives us further confirmation that an asteroid
family member likely came from a certain parent body. A way to go about answering the
question of evolution and current architecture of the Solar System is to use the information we
obtain through dynamical and spectral studies as constraints in giant planet migration models.
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In Chapter 3 we used a sum to one weighted least squares (STO WLS) linear model to
model mixture and meteorite spectra representative of primitive asteroid analogs. Our
inaccuracies in modeling were due to: (i) nonlinear behavior exhibited by the spectra being
dominated by <90 µm particle sizes, (ii) missing spectral library end members that are present in
the mixtures and meteorites, (iii) not having the same particle size distributions in our spectral
library as present in the mixture and meteorite spectra, and (iv) for the meteorites, not only did
we lack components present in them but we also used terrestrial minerals in our spectra library
versus extraterrestrial mineral end members. The terrestrial end members included in the
spectral library are not truly representative of the mineral phases or crystallite size present in the
chondritic meteorites.
This study showed the insufficiency of the STO WLS linear model in modeling spectra
dominated by <90 µm particles present in the mixtures and meteorites. Although some
inaccuracies in the modeling were due to missing components and different particle sizes, the
primary problem in our modeling was that the mixtures and meteorites are dominated by fine
particles (<90 𝜇𝑚) so they are dominated by nonlinear behavior or volume scattering. Since we
showed that the STO WLS model is insufficient to model fine particles this indicates that a
model that can model fine particles (e.g., nonlinear behavior) is necessary. Future work in this
project could be to test an alternative model such as Multi-sphere T-matrix method (MSTM)
along with a radiative transfer approach such as Hapke or the Regolith Boundary Layer (ReBL)
model. Other light scattering and radiative transfer models and combinations of them could be
explored to obtain the best model fit to spectra. Accurately determining the abundances of
minerals in asteroid regolith is important because this information along with the degree of
aqueous and thermal alteration can suggest which parent body the asteroid could have originated
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from. By compositionally constraining the regolith of asteroids along with dynamical constraints
like those in Chapter 2 we can help to constrain larger scale models like giant planet migration
that seek to explain the current structure of our Solar System.
In Chapter 4 we used the MSTM and Hapke models to model spectra of three Jupiter
Trojan asteroids and primitive asteroid (944) Hidalgo. Our model fits use a mixture of olivine
components at the 0.5 and 1.0 µm particle sizes with lunar-like porosities to fit their spectra over
the TIR ~7.5 − 13.5 𝜇𝑚 region. We showed that the Trojan asteroids and (944) Hidalgo are
compositionally consistent with spectrally similar bodies like comet Hale-Bopp and CO3 and CY
chondrite meteorites. However, our modeled porosities are not comparable to comet Hale-Bopp
but are instead similar to those present on the lunar surface. This suggests that the asteroids
likely experienced similar evolutionary processes as the lunar surface that have affected the
regolith and led to the current day porosities. These processes include electrostatic dust lofting
and micrometeorite impacts that have “fluffed” up the regolith. As far as composition, (911)
Agamemnon and (624) Hektor are in the same Lagrange point group and were best fit using a
100% abundance of fayalite, suggesting a possible compositional difference between this group
and the other Lagrange point group of asteroids that contains (1172) Aneas. However, we
cannot establish any compositional trends due to a small sample size. Future work could be to
include additional modeling of Trojans to see if there could be a trend.
Cometary comae spectra show a higher spectral contrast in their 10 𝜇𝑚 plateau than the
Trojan asteroids or (944) Hidalgo (see Emery et al. 2006, Figure 9). We observed that an
decrease in porosity corresponds to an increase in spectral contrast of the 10 𝜇𝑚 plateau in our
modeled spectra. This could suggest that cometary comae spectra could be modeled using lower
porosities than previous estimates (~84-97% by Lasue et al. 2008). A potential future project
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branching from this study could be to model cometary comae spectra and determine if lower
porosities could be used with MSTM and Hapke.
In this study we aimed to determine the composition of planetary bodies. We observed
that there are similarities in silicate emissions from the Trojans, (944) Hidalgo, comets, and
meteorites. Our study suggests that there are also compositional and particle size similarities
between them. It was suggested by Morbidelli (2005) and Levison et al. (2008) by dynamical
studies that (944) Hidalgo may have formed in the same environment as Jupiter-Family Comets
and the Trojans. Morbidelli (2005) found that theory of the Trojan asteroids accreting near their
current location is not able to explain their wide range of inclinations observed today (up to 40°).
Instead, they had to have formed in more distant regions of the Solar System and been scattered
inward to be captured by Jupiter during giant planet migration.
This suggests that the Trojans and (944) Hidalgo could have formed in a similar
environment as comets and that the parent body of carbonaceous chondrites may have also
originated in a similar environment. However, there is not enough data to place any constraints
on these ideas. We know that comets originated in the Kuiper Belt and Oort cloud. With the
limited amount of data we have, we can only say that it is a possibility since the results from this
study are consistent with comets. However, if we obtained more data from additional Trojans,
dead comets, and nuclei of comets then we could better constrain the evolution of small bodies.
For example, we could better constrain the region of formation of these bodies through
compositional and dynamical studies like the ones presented in this dissertation. Similar to how
asteroid families are derived from a common parent body, small bodies in the outer Solar System
may have originated from a similar environment.
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The Moon
In Chapter 5 we used a Mie and Monte Carlo radiative transfer model to model ambient
lunar regolith spectra. Through this study we were seeking to determine lunar regolith
composition. The primary issue in our modeling was the use of Mie theory. In this study we
saw that the CF was consistently modeled poorly. The model consistently overestimated the
spectral contrast of features and especially the TF which is a known issue in Mie theory (e.g., Ito
et al. 2017, Prem et al. 2022). Assumptions we made were that the agglutinates and glasses
contain a similar mineralogy as the bulk soil. We lacked complex indices of refraction for
anorthite which is a major modal phase in the lunar highlands regolith. It is likely that the model
fits could be improved by including anorthite. Also, we did not include augite because we did
not know that the complex indices of refraction were available until it was too late to include it in
our modeling before the publishing of this dissertation. If the complex indices of refraction for
anorthite were measured and augite was included, then future work could be to include it in our
modeling. Also, we chose the 5 𝜇𝑚 particle size because it showed the most prominent TF and
we observe a prominent TF in the lunar spectra. However, we do not place a constraint on the
particle size due to the large number of assumptions that went into the model and the fact that we
did not use a rigorous method to select the best fit particle size. Thus, other particle sizes or
particle size distributions could be explored to improve the model fit in the future.
The main inaccuracy in our modeling was the use of Mie theory. We demonstrated that
an optical model is insufficient to reproduce observed changes in the spectra that occur with
space weathering. Future work could involve the development of an integrated thermal and
optical model. If an alternative model is used and the above inaccuracies are corrected, then TIR
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spectra obtained by NASA’s Lunar Trailblazer’s Lunar Thermal Mapper could be used to obtain
composition of lunar regolith in the future.
Compositional information about lunar regolith is important because it could be used as a
constraint in the lunar magma ocean (LMO) model. The lunar regolith is connected to the
underlying bedrock because it is result of impacts over billions of years that produced rock and
mineral fragmentation of the bedrock. Thus, by determining the lunar regolith composition we
study the composition of the underlying bedrock or part of the crust. The hypothesized LMO
resulted in solidification of the core, mantle, and crust. Therefore, providing compositional
information about the crust provides a constraint to the LMO. Ideally, if we knew the mineral
composition of the entire lunar surface then this information could be used as a constraint in the
LMO model. The goal in obtaining composition and constraining the LMO helps us to
understand how the lunar surface evolved.
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